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SUMMARY 
The Space S ta t i on  must be designed t o  f a c i l i t a t e  a l l  o f  t he  func t ions  t h a t  
i t s  crew w i l l  perform. The Funct ional  Relat ionships Analys is  (FRA)  model has 
been developed as a technique f o r  achiev ing t h a t  goal .  I n  essence, the  FRA 
model i s  a wel l -def ined method f o r  analyz ing Space S t a t i o n  crew func t ions  and 
de tec t i ng  re la t i onsh ips  among those funct ions.  A c l e a r  understanding o f  these 
re la t i onsh ips  f a c i l i t a t e s  the  design o f  a Space S t a t i o n  l ayou t  t h a t  opt imizes 
c r e w  p r o d u c t i v i t y .  Further,  t he  FRA model can be used as a t o o l  f o r  
q u a n t i t a t i v e l y  eva lua t ing  the  s u i t a b i l i t y  o f  any Space S t a t i o n  con f igu ra t i on .  
While the  FRA model can be used now f o r  p re l im ina ry  design and eva lua t ion  o f  
Space S t a t i o n  conf igura t ions ,  i t s  more impor tant  use w i l l  be t h e  cont inued 
a p p l i c a t i o n  o f  t h e  process t o  reconf igure  Space S t a t i o n  l'ayouts as program 
ob jec t ives  and cons t ra in t s  change. 
The development o f  t h e  FRA model invo lved a ten-step process: 
1. I d e n t i f y  Crew Functions 
Twenty-seven func t ions  t h a t  need t o  be performed by the  Space S t a t i o n  
crew were i d e n t i f i e d .  These f e l l  i n t o  th ree  conceptual categor ies:  Crew 
Support (e.g., Eat ing,  Medical Care, Personal Hygiene), Space S t a t i o n  
Operations (e.g., Subsystem Moni tor ing and Control ,  ORU Maintenance, 
Prox imi ty  Operations), and Mission Operations (e.g., L i f e  Sciences 
Experiments, Mater ia ls  Processing Experiments). 
2. I d e n t i f y  Required Surmort EquiDment 
For each o f  t he  27 crew funct ions,  a l i s t  o f  t he  equipment requ i red  by 
the  crew member t o  complete the  func t ion  was der ived.  This equipment 
inc luded anyth ing the  crew member i s  l i k e l y  t o  use i n  order  t o  accomplish 
the  func t ion ,  ranging from the  Space S t a t i o n  main computer system t o  a 
hand washer. 
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3. Identify Criteria for Assessing Functional Relationships 
Five well-defined criteria for measuring relationships among all pairs of 
crew functions were identified: 
(1) The frequency with which crew members switch from performing one 
function to another. 
(2) The extent to which one function provides the reason (or need) to 
perform another (i.e., a sequential dependency). 
( 3 )  The percentage of support equipment shared by the functions. 
(4) The potential for noise generated by one function to interfere with 
another function. 
( 5 )  The similarity o f  privacy requirements for the functions (both audio 
and visual) - .  
These criteria were chosen because they tap functional relationships that 
could be enhanced by the interior layout o f  the Space Station. A matrix 
reflecting the relationships of each function with every other function 
can then be developed for each of these five criteria. 
4. Identify Tools for Analvtinq Functional Relationship Matrices 
Two related statistical analysis tools were used to analyze the 
functional relationship matrices: hierarchical c 1 usteri ng and 
multidimensional scaling. Hierarchical clustering is a technique that 
identifies clusters of related functions at a variety of levels, from 
very strongly associated functions to very weakly associated functions. 
Multidimensional scaling, or MDS, is a technique that takes a matrix of 
distances among a set of functions and derives an optimum configuration 
of those functions in one-, two-, or three-dimensional space. The 
distances among the functions in that spatial configuration are designed 
to closely approximate the distances in the original matrix. 
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5 .  Conduct Analysis of Crew Transition Freauency 
The frequencies w i t h  which the crew wil l  switch from performing one 
function t o  another were derived from fourteen sample sequences of crew 
functions. Each sequence covered a 24-hour period f o r  one crew member. 
The most frequent crew . t r ans i t i ons  were those involving meals and 
personal hygiene. The  MDS analysis revealed a configuration i n  which 
crew support functions tended t o  f a l l  together i n  one area while Stat ion 
and mission operations tended t o  f a l l  i n  another area.  
6. Conduct Analysis of Seauentfal Dependencies 
Sequential dependencies among a l l  crew functions were assessed using a 
ra t ing sca le  of how often one crew function provides the reason ( o r  need) 
t o  perform another function. The scale  ranged from 0 (always) t o  4 
(never).  Two c lus t e r s  of dependent functions were i d e n t i f i e d :  ( 1 )  three 
functions associated w i t h  mealtimes, and ( 2 )  two functions associated 
w i t h  EVA operatfons. These two c lus te rs '  themselves, however,' were not 
par t icu lar ly  dependent upon each other.  As w i t h  t r ans i t i on  frequency, 
the MDS analysis  revealed a configuration i n  which the crew 'support 
functions f e l l  i n  one area while the Stat ion and mission operations f e l l  
i n  another. 
7 .  Conduct Analysis of SuDport Eauipment Requirements 
For a l l  pairs  of crew functions, a percentage was calculated representing 
what proportion of the t o t a l  equipment items required by both functions 
i s  shared between them. T h i s  percentage could range from 0 (no 
equipment i n  common) t o  100 ( a l l  equipment i n  comnon). Both the c l u s t e r  
analysis and MDS analysis revealed four very strong c lus t e r s  of functions 
based on support equipment: ( 1 )  a l l  Space Stat ion and mission operations,  
as well as some crew support functions;' ( 2 )  personal c leanl iness  
functions (e.g., full-body cleansing);  (3) urination/defecation; and ( 4 )  
sleep. 
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8. Conduct Analys is  o f  Po ten t i a l  f o r  Noise In te r fe rence  
A no ise i n te r fe rence  p o t e n t i a l  was der ived  f o r  every p a i r  o f  func t ions  by 
es t imat ing  the  no ise  generat ion l e v e l  and noise to le rance l e v e l  f o r  each 
crew func t ion .  The analyses resu l ted  i n  eleven c l o s e l y  r e l a t e d  func t ions  
t h a t  a re  n o t  l i k e l y  t o  be d is rup ted  by noise (most ly  c r e w  support 
funct ions,  such as exerc ise)  and two loose ly  r e l a t e d  groups o f  func t ions  
t h a t  a re  more l i k e l y  t o  be d is rup ted  by noise. One o f  those two groups 
was composed o f  b a s i c a l l y  " q u i e t "  func t ions  (e.g., s leep) w h i l e  the  o ther  
group was composed o f  * n o i s i e r m  func t ions  (e.g., ORU maintenance). 
9. Conduct Analvs is  o f  Need f o r  P r i vacy  
The des i re  f o r  audio p r i v a c y  was assessed f o r  each func t i on  by es t imat ing  
the  percentage o f  words spoken t h a t  should be understood by a l i s t e n e r .  
The des i re  f o r  v i s u a l  exposure was assessed by es t imat ing  t h e  optimum 
percentage o f  v i s u a l  exposure appropr ia te  t o  the  a c t i v i t y .  These were  
then mmbined t o  form an o v i r a l l  p r i vacy  index. The analyses i nd i ca ted  a 
continuum o f  func t ions  f rom * p r i v a t e *  (e.g., u r ina t ion /de feca t ion ,  sleep, 
p r i v a t e  rec rea t i on )  t o  " p u b l i c *  (e.g., subsystem moni tor ing,  meal 
p repara t ion) .  
10. Conduct Analys is  o f  Overa l l  Compa t ib i l i t y  o f  Functions 
The f i v e  func t i ona l  r e l a t i o n s h i p  matr ices der ived from the  assessments o f  
t h e  i n d i v i d u a l  mat r i ces  were combined, i n  an equal-weighted manner, t o  
form an o v e r a l l  c o m p a t i b i l i t y  mat r ix .  The HDS ana lys is  revealed two 
dimensions t h a t  can be used t o  descr ibe the  con f igu ra t i on  o f  func t ions .  
The pr imary dimension was a "Publ ic-Pr ivate*  continuum. A t  the  extreme 
"Pr iva te"  end were sleep and p r i v a t e  recreat ion;  a t  t he  extreme "Pub l ic "  
end w e r e  many o f  t h e  S t a t i o n  operat ions.  The secondary dimension, 
orthogonal t o  the  f i r s t ,  was a "Group-Individual" continuum. A t  the  
'@Group" end were meeetings, teleconferences, and eat ing;  a t  the  
n Ind iv idua l l t  end were sleep, medical care (presumably se l f -care) ,  and 
experiments. 
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The f o l l o w i n g  imp l i ca t i ons  f o r  Space S t a t i o n  i n t e r i o r  l ayou t  were der ived 
from the  analyses: 
1 .  
2 .  
3 .  
4. 
5 .  
6 .  
7 .  
The 
F a c i l i t i e s  suppor t ing " p r i v a t e "  func t ions ,  such as s leep and p r i v a t e  
recrea t ion ,  need t o  be c l e a r l y  separate f rom the  f a c i l i t i e s  
suppor t ing t h e  more "pub l i c "  S t a t i o n  Operations. 
F a c i l i t i e s  f o r  meal preparat ion,  eat ing,  and meal clean-up should be 
c lose  together .  
A t  l e a s t  two k inds o f  meeting spaces a re  needed: a l a r g e r  f a c i l i t y  
f o r  on-duty ent i re-crew meetings and a smal le r  f a c i l i t y  f o r  o f f - d u t y  
small-group meetings. 
The two func t ions  associated w i th  h e a l t h  maintenance -- medical care 
and exerc ise -- should be performed separately.  
F a c i l i t ' i e s  suppor t ing the  * hygiene-related. func t ions  (c leansing, 
personal hygiene, changing c lo thes,  u r ina t ion /de feca t ion)  should be 
co-located. 
m 
Fac i 
from 
i t i e s  f o r  experiments and pay 
t h e  f a c i l i t i e s  f o r  crew support 
oad support  should be separate 
and S t a t i o n  operat ions.  
F a c i l i t i e s  f o r  t r a i n i n g  should be provided i n  more than one loca t i on .  
FRA model can a l s o  be used t o  q u a n t i t a t i v e l y  evaluate any Space 
S t a t i o n  i n t e r i o r  layout .  An example o f  us ing  the  model i n  t h i s  manner t o  
evaluate a sample con f igu ra t i on  i s  described. The approach invo lves  
c a l c u l a t i n g  distances between a1 1 func t i ona l  areas i n  the  proposed 
con f igu ra t i on  and c o r r e l a t i n g  those d is tances w i t h  the  o v e r a l l  c o m p a t i b i l i t y  
ma t r i x  der ived  i n  t h i s  study. 
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INTRODUCTION 
The Uni ted States has embarked upon a course o f  a c t i o n  leading t o  the  
establ ishment o f  a permanent manned f a c i l i t y  i n  low Ear th o r b i t  e a r l y  i n  the  
n e x t  decade. When NASA i n i t i a t e d  the  cu r ren t  Space S t a t i o n  Phase B e f f o r t ,  
e i g h t  c h a r a c t e r i s t i c s  were i d e n t i f i e d  t h a t  must be inc luded as an i n t e g r a l  
p a r t  o f  t he  o v e r a l l  Space S t a t i o n  program. These c h a r a c t e r i s t i c s  were  NASA 
System Engineering and In teg ra t i on ;  Evolut ionary Growth; E f f e c t i v e  U t i l i z a t i o n  
o f  Man's Presence i n  Orb i t ;  a *Customer-Friendly" Perspect ive;  
M a i n t a i n a b i l i t y ;  Comnonality; Test and V e r i f i c a t i o n  Concepts; and the  Need f o r  
Increased Produc t i v i t y .  Three o f  these e i g h t  cha rac te r i s t i cs ,  Evo lu t ionary  
Growth, U t i l i z a t i o n  o f  Man's Presence, and Increased Produc t i v i t y ,  e s t a b l i s h  
t h e  bas ic  phi losophy t h a t  t he  Space S t a t i o n  must be designed as a f a c i l i t y  
capable o f  suppor t ing meaningful func t ions  over an extended per iod  o f  t i m e  as 
effectively as possible. 
To achieve t h i s  goal ,  a func t i ona l  requirements model o f  t he  Space 
S t a t i o n  1.s *'mandatory. It is essen t ia l  t h a t '  p r e l i m i n a r y  -design approaches 
consider  the  S t a t i o n  as a composite o f  f unc t i ona l  requirements and consider  
the  i n t e r r e l a t i o n s h i p s  among those requirements i n  such a way t h a t  an optimum 
con f igu ra t i on  resu l t s .  Understanding the  Space S t a t i o n  as a func t i ona l  system 
i s  c r i t i c a l  t o  p r o j e c t i n g  a corresponding phys ica l  system. 
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DESCRIPTION AND USE OF THE HODEL 
The Space S t a t i o n  Hab i tab i  l i t y  Research Group o f  t h e  Space Human Factors 
O f f i c e  a t  NASA Ames Research Center asked the  McDonnell Douglas Ast ronaut ics  
Company (MDAC), Hunt ington Beach, CA, t o  conduct a "Funct ional  Relat ionships 
Analys is"  (FRA) as an extension o f  an e x i s t i n g  con t rac t  i n v o l v i n g  "Human 
Performance Issues A r i s i n g  From Manned Space Missionsa. The purpose o f  t h e  
study was t o  analyze t h e  operat ional  system proposed f o r  the  Space S t a t i o n  i n  
terms of miss ion funct ions,  crew a c t i v i t i e s ,  and func t i ona l  r e l a t i o n s h i p s .  
The most advanced in fo rmat ion  ava i l ab le  f o r  p r o j e c t i n g  func t ions  and 
a c t i v i t i e s  was used as i n p u t  data t o  t h i s  model. The i n i t i a l  r e s u l t s  o f  t h i s  
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ana lys is  can be used t o  op t im ize  t h e  layout  o f  t h e  I n i t i a l  Operat ing 
Capab i l i t y  (IOC) Space S t a t i o n  i n t e r i o r .  The grea tes t  b e n e f i t  o f  t h i s  model, 
however, w i l l  be the  cont inued use o f  t h e  FRA process t o  conf igure  and 
reconf igure  Space S t a t i o n  layouts  as the  design o f  t h e  S t a t i o n  evolves, w i t h  
concomitant changes i n  mission ob jec t ives ,  func t ions ,  crew a c t i v i t i e s ,  and 
phys ica l  support  elements. 
The development o f  t he  Funct ional  Relat ionships Analys is  model inc luded a 
ten-step process, as i l l u s t r a t e d  i n  F igure 1. Each s tep can be i t e r a t e d  a 
number o f  t imes as appropr ia te  based upon changes i n  requirements o r  
ob jec t ives .  The t e n  steps def ined i n  t h i s  study a r e  as fo l lows:  
1. I d e n t i f y  Crew Functions 
A l i s t  o f  t he  func t ions  t h a t  need t o  be performed by t h e  Space S t a t i o n  
crew a t  I O C  was developed. These funct ions,  which are  l i s t e d  i n  Table 1, a re  
d i v ided  i n t o  th ree  main areas: Crew Support, Space S t a t i o n  Operations, and 
Mission Operations. 
I n  general, Crew Support inc ludes those func t ions  requ i red  t o  ma in ta in  the  
crew's phys ica l  and psychologica l  wel l -being and t h e i r  p r o d u c t i v i t y .  Space 
I dent if y Assessment Criteria 
... 
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1. Crew Transition 
2. Sequential Dependency 
3. Shared Support Equipment 
4. Noise Interference 
5. Need for Privacy 
m Multidimensional I Scaling Analysis I - 
Figure 1. Functional Relationship Analysis (Steps 1-41 
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Figure 1. Functional Relationship Analysis. Steps 5 9  Analysis of Each Criterion (Contl 
I 
Multidimensional 
Scaling 
Module 
Layout 
Figure 1. Functional Relationship Analysis. Step 10 Analysis of Combined Data (Cont) 
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Table 1. Space Station Crew Functions 
Crew Support 
Meal Preparation 
Eating 
Meal clean-up 
Exercise 
Medical Care 
Full-body Cleansing 
Hand/Face Cleansing 
Personal Hygiene 
Urination/Defecation 
Tra i ni ng 
S1 eep 
Private Recreation and Leisure 
Small-group Recreation and Leisure 
Dressing/Undressing 
C 1 ot h i ng Ma 1 n tenance 
Station Operations 
Meetings and Teleconferences 
Planning and Scheduling 
Subsystem Monitoring and Control 
Pre/Post-EVA Operations 
I V A  Support of EVA Operations 
Proximity Operations 
General Space Station Housekeeping 
ORU Maintenance and Repair 
Logistics and Resupply 
. .  
Mission Operations 
Payload Support 
Life Sciences Experiments 
Materials Processing Experiments 
Station Operations include those crew functions required to keep the Station 
and all of its components operating properly. Mission Operations include 
those crew functions required to achieve the objectives of specific missions. 
Crew Support functions are identified to a somewhat lower level of detail 
than the others. This approach seems appropriate given the overall focus of 
this study on habitability and the current level of detail of the information 
about Space Station Operations and Mission Operations. As the design of the 
Space Station evolves, the Space Station and Mission Operations crew functions 
can be expanded. 
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The main c r i t e r i a  f o r  d e f i n i n g  what cons t i t u tes  a c r e w  func t i on  were  as 
fo l lows:  
0 The func t i on  has a c l e a r  o b j e c t i v e  and a wel l -def ined beginning and 
end. 
0 One crew member can reasonably be expected t o  perform the  func t i on  From 
beginning t o  end. This does n o t  preclude the  p o s s i b i l i t y  t h a t  several  
crew members could each be performing the  func t ion ,  i n  i t s  e n t i r e t y ,  
s imultaneously (e.g., a group meeting), b u t  t h i s  d e f i n i t i o n  does 
prec lude a * f u n c t i o n *  t h a t  would requ i re  one person t o  begin i t  and 
another t o  end it. 
0 Under i d e a l  circumstances, t h e  func t i on  could be performed i n  one place. 
2. I d e n t i f y  R e w i r e d  SuDDort Eauipment 
For each o f  the crew func t ions ;  l i s t  o f  t h e  equipment requ i red  by the  
crew member t o  complete t h e  f u n c t i o n  was der ived. This l i s t  is shown i n  Table 
2. *Equipment* was de f ined as being anyth ing the  crew member is l i k e l y  t o  use 
Cer ta in  types o f  equipment were i d e n t i f i e d  as belng s u f f i c i e n t l y  gener ic t h a t  
they a re  n o t  l i s t e d ,  even though they a re  used dur ing  performance o f  many o f  
t h e  func t ions .  These inc lude  crew r e s t r a i n t s  a t  work areas, stowage 
f a c i l i t i e s ,  loose equipment r e s t r a i n t s ,  and l i g h t i n g  con t ro l s .  
I (e.g., manipulate, look a t ,  etc.) i n  order  t o  accomplish the  func t i on .  
3 .  I d e n t i f y  C r i t e r i a  f o r  Assessinq Funct ional  R e l a t i o n s h i m  
To prov ide  data about what func t ions  should be performed where i n  the  
Space Sta t ion ,  i t  i s  necessary t o  i d e n t i f y  t he  appropr ia te  c r i t e r i a  f o r  
assessing r e l a t i o n s h i p s  between the  funct ions.  I n  a general sense, t he  goal 
is t o  I d e n t i f y  those func t ions  t h a t  a re  more c l o s e l y  associated w i t h  eacn 
o the r  and those t h a t  a r e  l ess  c l o s e l y  associated. 
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TABLE 2. REQUIRED SUPPORT EQUIPMENT FOR EACH FUNCTION 
1. Meal Preparation 
Main computer system (for menu selection and inventory control) 
Food 
Dishes and utensils 
Food heating equipment 
2. Eating 
Food (prepared) 
Dishes and utensils 
Group meeting place (e.g., table) 
3. Meal Clean-up 
Food ( 1 ef tover) 
Dishes and utensils (soiled) 
Trash disposal equipment 
Dish washing equipment 
Cleaning equipment (e.g., wipes, vacuum) 
4. Exercise 
Exercise equipment (e.g., treadmill) 
Physiological monitoring equipment. 
Books 
TV and video playback equipment 
Audio playback equipment 
5. Medical Care 
Main computer system (for medical history, procedures, etc.) 
P h y s i o 1 og i c a 1 mon i to'r i ng eq u i pmen t 
Medical supplies (e.g., pharmaceuticals, bandages) 
Emergency medical treatment equipment (e.g., defibrillator) 
Medical l abora tory  equipment 
Minor surgery equipment 
6. Full-body Cleansing 
Shower 
Soap and shampoo 
Wash cloth and towel 
7. Hand/face Cleansing 
Hand washer 
Soap and shampoo 
Wash cloth and towel 
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TABLE 2. REQUIRED SUPPORT EQUIPMENT FOR EACH FUNCTION (Continued) 
8. Personal Hygiene 
Hand washer 
Toothpaste and toothbrush 
Shaving equipment 
M i r r o r  . 
Comb o r  ha i rb rush  
Miscellaneous personal  hygiene equipment 
9. Ur inat ion/Defecat ion 
To1 l e t / u r i n a l  
San i ta ry  wipes 
10. T ra in ing  
Main computer system ( f o r  computer-assisted i n s t r u c t i o n )  
TV and video playback equipment 
Task-speci f ic  s imu la t i on  equipment (e.g., MRMS s imu la to r )  
11. Sleep 
Sleep r e s t r a i n t  
12. P r i va te  Recreat ion and Le isure  
Books 
TV and v ideo playback equipment 
Audio playback equipment 
W r i t i n g  equipment 
Audio communications f a c i l i t i e s  ( f o r  communications w i t h  fam i l y )  
Window ( f o r  rec rea t i ona l  v iewing) 
13. Small-group Recreat ion and Leisure 
Games 
TV and v ideo playback equipment 
Audio playback equipment 
Window ( f o r  rec rea t i ona l  v iewing) 
14. Dressing/Undressing 
M i r r o r  
Clothes 
15. C lo th ing  Maintenance 
C 1 othes 
Clothes washer 
Clothes d rye r  
16. Meetings and Teleconferences 
Group meeting p lace  (e.g., t a b l e )  
Video cameras 
TV and video playback equipment 
W r i t i n g  equipment 
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TABLE 2. REQUIRED SUPPORT EQUIPMENT FOR EACH FUNCTION (Continued) 
17. Planning and Scheduling 
Main computer system (for schedules, tasks, etc.) 
Group meeting place (e.g., table) 
Audio comnunications facilities (with ground personnel) 
18. Subsystem Monitoring and Control 
Main computer system (for display of status and subsystem control) 
Dedicated subsystem displays (e.g., warning lights) 
Dedicated subsystem controls 
Window (for direct viewing of SS structure) 
Remote-control TV camera (for indirect viewing of SS structure) 
19. Pre/Post-EVA operations 
Extravehicular Mobility Unit (EMU) (suit and life support) 
Extravehicular Excursion Unit (EEU) 
EMU and EEU service and checkout equipment 
Decontamination provi sions 
Main computer system (for checklists, etc.) 
20. IVA Support of EVA Operations 
Audio comnunications facilities (with EVA crewmember) 
Remote-control TV camer'a (for 'indirect visual contact) 
Main computer system (for task-specific information) 
. .  Window (for direct visual contact) 
21. Proximity Operations 
Window (for direct visual contact with other vehicle) 
Remote-control TV camera (for indirect visual contact with other 
ve hi c 1 e) 
Audio comnunications facilities (with piloted vehicle) 
Controls for remotely operated vehicle 
Main computer system (for proximity traffic displays, etc.) 
22. General Space Station Housekeeping 
Cleaning equipment (e.g., wipes, vacuum) 
Trash disposal equipment 
23. ORU Maintenance and Repair 
Tools (e.g., hamner, screwdriver) 
Diagnostic equipment (e.g., volt/ohm meter) 
Spare parts 
Contamination containment equipment 
Main computer system (for procedures, spares information, etc.) 
24. Logistics and Resupply 
Main computer system (for inventory management) 
Food 
Non-food consumables 
13 
TABLE 2. REQUIRED SUPPORT EQUIPMENT FOR EACH FUNCTION (Continued) 
25 . Payload Support 
Dedicated payload s ta tus  d isp lays  
Dedicated payload c o n t r o l s  
Main computer system ( f o r  data capture and ana lys is )  
MRMS cont  r o  1 s/d i splays 
26. L i f e  Sciences Experiments 
L i f e  sciences exper iment-speci f ic  d isp lays  
L i f e  sciences exper iment-speci f ic  c o n t r o l s  
L i f e  sciences experiment racks 
Main computer system ( f o r  data capture and ana lys is )  
27. Mater ia ls  Processing Experiments 
Mater ia ls  processing exper iment-speci f ic  d isp lays  
Mater ia ls  processing experiment-specif ic c o n t r o l s  
Mater ia ls  processing experiment racks 
Main computer system ( f o r  data capture and ana lys is )  
We have i d e n t i f i e d  two classes o f  c r i t e r i a  f o r  measuring t h e  degree o f  
assoc ia t ion  between any p-air o f  . funct ions:  
1. 
2. 
I n  
C i r c u l a t i o n  c r i t e r i a  - these measure t h e  assoc ia t ion  between func t ions  
by s tudy ing t h e  * t r i p s "  t h a t  crew members would have t o  make when 
swi tch ing  from performing one f u n c t i o n  t o  another. 
Zoninq c r i t e r i a  - these measure t h e  assoc ia t ion  between func t ions  by 
s tudy ing var ious k inds  o f  c o m p a t i b i l i t i e s  among them, t h e  goal being 
t o  d e t e c t  groups of funct ions (*zones*) t h a t  are compatible w i t h  each 
other .  
cons ider ing each c lass  of c r i t e r i a  i n  d e t a i l ,  we have i d e n t  
s p e c i f i c  c i r c u l a t i o n  c r i t e r i a  and th ree  s p e c i f i c  zoning c r i t e r i a :  
e C i r c u l a t i o n  C r i t e r i a  
f l e d  two 
1. The frequency w i t h  which crew members swi tch from perform 
f u n c t i o n  t o  another. 
ng one 
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2. The ex ten t  t o  which one f u n c t i o n  provides t h e  reason ( o r  need) t o  
perform another func t i on  ( i ,e . ,  a sequent ia l  dependency). 
0 Zonins C r i t e r i a  
1. The percentage o f  support  equipment shared by t h e  funct ions.  
2.  The p o t e n t i a l  f o r  no ise  generated by crew a c t i v i t i e s  and support  
equipment associated w i th  one f u n c t i o n  t o  i n t e r f e r e  w i t h  t h e  
performance o f  another func t ion .  
3 .  The s i m i l a r i t y  of p r i vacy  requirements f o r  t h e  func t ions  (bo th  
audio and v i sua l ) .  
These f i v e  s p e c i f i c  c r i t e r i a  were chosen because they tap  f u n c t i o n a l  
re la t i onsh ips  t h a t  could be enhanced by t h e  i n t e r i o r  l ayou t  o f  t h e  Space 
S t a t i o n  (!.e., by p lac ing  f a c i l i t i e s  t h a t  support  c e r t a i n  func t ions  c l o s e r  
Other  c r i t e r i a  tapping r e l a t i o n s h i p s  
t h a t  could best  be addressed by o ther  means (e.g., s k i l l  l e v e l s  o f  crew 
members, scheduling) were excluded from the  analys is .  
together '  o r  f u r t h e r  apa r t  than others) .  
A ma t r i x  r e f l e c t i n g  the  re la t i onsh ips  o f  each f u n c t i o n  w i t h  every o the r  
f u n c t i o n  can then be developed f o r  each o f  t h e  f i v e  c r i t e r i a .  The development 
of these matr ices w i l l  be descr ibed i n  d e t a i l  i n  l a t e r  steps devoted t o  each 
c r i t e r i o n .  
4. I d e n t i f y  Tools Necessary f o r  Analyzinq Funct ional  Re la t ionsh ip  Matr ices 
The matr ices o f  f unc t i ona l  re la t i onsh ips  prov ide impor tant  raw data, bu t  
they are  d i f f i c u l t  t o  use d i r e c t l y  f o r  drawing conclusions about which 
funct ions should be performed where. Techniques f o r  v i s u a l l y  summarizing the 
data i n  the  matr ices are  needed. Two re la ted  s t a t i s t i c a l  ana lys i s  t o o l s  can 
he lp  i n  t h i s  process: h i e r a r c h i c a l  c l u s t e r i n g  and mul t id imensional  sca l ing .  
H ie ra rch i ca l  c l u s t e r i n g  i s  a technique t h a t  i d e n t i f i e s  c l u s t e r s  o f  
r e l a t e d  func t ions .  The ana lys is  i s  done f o r  a range o f  " c l u s t e r i n g  l eve l sbb ,  
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from the  lowest poss ib le  l e v e l  (where every func t ion  f a l l s  i n  i t s  own c l u s t e r )  
t o  the  h ighes t  poss ib le  l e v e l  (where a l l  the  func t ions  f a l l  i n  one la rge  
c l u s t e r ) .  The more i n t e r e s t i n g  c l u s t e r i n g  l eve l s  a re  those t h a t  come between 
these two extremes. A t  those in termediate c l u s t e r i n g  l eve l s ,  the  func t ions  
t h a t  a re  more c l o s e l y  r e l a t e d  combine i n t o  c lus te rs  a t  lower l e v e l s  than do 
t h e  func t ions  t h a t  a re  l ess  c l o s e l y  re la ted .  
The computer program used t o  perform the  h i e r a r c h i c a l  c l u s t e r  ana lys is  
was based upon the  "minimum method" a lgo r i t hm described by Johnson (1967) .  
This program has been used before t o  conduct an ana lys is  o f  re la t i onsh ips  
between func t ions  performed by a l a r g e  computer operat ing system ( T u l l i s ,  
1985). 
As an i l l u s t r a t i o n  o f  h i e r a r c h i c a l  c lus te r i ng ,  consider the  ma t r i x  g iven 
i n  Table 3 ,  which provides t h e  a i r l i n e  distances between ten  U.S. c i t i e s  (from 
Kruskal  and Wish, 1978). The output  o f  a h i e r a r c h i c a l  c l u s t e r  ana lys is  o f  
t h i s  ma t r i x  i s  shown i n  F igure  2. The values across the  t o p  o f  t he  f i g u r e  
i n d i c a t e  the  d is tances ' a t  whic'h t h e  c i t i e s  combine i n t o  c l u s t e r s .  Not ice  t h a t  
New York and Washjngton combine i n t o  a c l u s t e r  f i r s t ,  fo l lowed by Los Angeles 
and San Francisco. A t  subsequent leve ls ,  t h e  o ther  "eastern" c i t i e s  co ib ine  
i n t o  a c l u s t e r  w h i l e  t h e  o the r  "western" c i t i e s  combine i n t o  another c l u s t e r .  
. .  
Tabb 3. Airlim Distances Between 10 U.S. Cities (from Krurltrl and Wish, 1978) 
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Figun 2. .Hierarchial Cluster Analysis of Airlinr Dimma . . .  
Not ice  f i a t  Denver i s  t he  l a s t  c i t y  t o  j o i n  a c l u s t e r  due t o  i t s  p o s i t i o n  
somewhat near the  "middle" o f  t he  country.  F i n a l l y ,  as is always the  case i n  
h i e r a r c h i c a l  c lus te r i ng ,  t h e  two main c l u s t e r s  combine i n t o  one a t  t he  l a s t  
l e v e l .  
Mul t id imensional  sca l ing,  o r  MDS, i s  a process whereby a m a t r i x  o f  
d istances ( e i t h e r  psychologica l  o r  phys ica l )  among a s e t  o f  ob jec ts  can be 
t rans la ted  i n t o  a representat ion o f  those ob jec ts  i n  space. T y p i c a l l y ,  t he  
representat ion is i n  one-, two- o r  three-dimensional space. The goal  i s  t o  
have the  distances between the  ob jec ts  i n  t h e  s p a t i a l  representa t ion  
accura te ly  r e f l e c t  t he  distances i n  the  o r i g i n a l  mat r i x .  
MDS can a l so  be i l l u s t r a t e d  us ing t h e  a i r l i n e  d is tances shown i n  
Table 3 .  MDS can conver t  those d is tances i n t o  a map showing the  r e l a t i v e  
geographic loca t ions  o f  t h e  c i t i e s .  F igure 3 shows the  r e s u l t  o f  an MDS 
ana lys is  o f  t he  distances from Table 3 i n  two-dimensional space. The 
t r a d i t i o n a l  axes ("North-South", "East-West') have been added f o r  c l a r i t y ;  
17 
Washington, 
N 
Seattle 
0 
DC 
Miami 
0 
Figuro 3 Configuration Obtaimd by Applying MDS to Airlim D r a m s  Shown in Tabb 3 
(from K&al and Wish, 1W8) 
these a re  n o t  an i nhe ren t  p a r t  o f  MDS. I n  fac t ,  t he re  i s  no way t h a t  MDS can 
de tec t  these axes g iven o n l y  t h e  i n t e r - c i t y  distances. 
MDS has been used f o r  a wide v a r i e t y  o f  app l i ca t ions .  For example, 
Bobko, Bobko, and Davis (1984) used HDS t o  represent the  perceived s i m i l a r i t y  
o f  t e n  comnercial v ideo games, w h i l e  Hooley (1984) used i t  t o  represent  the 
perceived s i m i l a r i t y  o f  e i g h t  c i g a r e t t e  brands. I n  a study more c l o s e l y  
r e l a t e d  t o  our  c u r r e n t  use, Nathan (1984) used MDS t o  i d e n t i f y  t he  opt imal  
arrangement o f  seven f a c i l i t i e s  w i t h i n  a manufacturing p lan t .  His  technique 
invo lved having managers make'judgements (on a s ix -po in t  scale) o f  t he  need 
f o r  closeness between a l l  p a i r s  o f  f a c i l i t i e s .  The managers were provided 
w i t h  matr ices o f  volume f l o w  and handl ing cos t  f o r  use i n  making t h e i r  
judgements. 
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Since the computer program for performing the MDS analysis is a 
general-purpose tool, it was developed under MDAC's Independent Research and 
Development (IR&D) activity. The program was based upon techniques for 
non-metric MDS described by Shepard (1962), Kruskal (1964), and Young and 
Torgerson (1967). nNon-metricH HDS is a particular type of MDS that is 
generally used when the distances being submitted to analysis are 
psychological rather than physical (i.e., they were not directly "measured"). 
An important point about MDS is that, for any matrix of distances, there 
may not be a perfect solution in any given space. If the original matrix is 
composed of distances actually measured in two-dimensional space, there should 
be a near-perfect MDS solution in two-dimensional Space (except for 
measurement error). However, in many cases the original matrix is composed of 
distances that are more psychological in nature (e.g., subjective ratings of 
similarities among objects). In these cases, there probably will not be a 
perfect solution in any given space. In this situation, various measures can 
be used to express the goodness of fit between the MDS solution and the 
original matrix. (See Kruskal, 1977, p. 306-308,' for a discussion of' these 
measures.) In general, all the goodness-of-fit measures reflect how 
accurately the distances between' the objects in the MDS configuration 
correspond to the distances in the original matrix. 
For this study, Kruskal's *stress* was used as the measure to describe 
the correspondence between the distances in the MDS solution and the distances 
in the original matrix. Specifically, stress is computed as follows: 
= distances between all pairs of i and j objects 
(functions) in the MDS configuration 
dij 
where: 
A 
d.. = disparities between the distances in the MDS 
configuration and the order o f  the distances in 
the orginal matrix 
1J 
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As the  goodness of f i t  f o r  a p a r t i c u l a r  MDS con f igu ra t i on  improves, t he  
values o f  d  ^ w i l l  approach the  corresponding values o f  d thus causing 
s t ress  t o  approach zero. As an example, t he  s t ress  f o r  the  MDS con f igu ra t i on  
shown i n  F igure 3 i s  0.0007. Thus, t he  s o l u t i o n  i s  near-perfect ,  which i s  
what would be expected s ince the  o r i g i n a l  d istances were a c t u a l l y  measured i n  
two-dimensional space. . I n  app l i ca t i ons  dea l ing  w i t h  "psychologica l "  
d istances, however, t h e  values o f  s t ress  f o r  t he  bes t  con f igura t ions  are  
usua l l y  n o t  so smal l .  
i j  i j '  
For t h e  FRA, a l l  o f  t h e  analyses were performed i n  one, two and th ree  
dimensions. Although i t  i s  t h e o r e t i c a l l y  poss ib le  t o  ca l cu la te  MDS 
conf igura t ions  us ing more than th ree  dimensions, i t  i s  probably no t  warranted 
by the  data nor  p a r t i c u l a r l y  usefu l .  As suggested by McGrath (1984, p. 123) 
and others,  t h e  use o f  more than th ree  dimensions i s  p r i m a r i l y  f i t t i n g  noise,  
i n  m o s t  cases.  One way o f  determining t h e  "optimum" number o f  dimensions t o  
use i n  a p a r t i c u l a r  case i s  t o  p l o t  some measure o f  goodness f o  f i t ,  such as 
s t ress,  as a f u n c t i o n  o f  t h e  number o f  dimensions. The optimum number o f  
djmensions then u s u a l l y  appears as t h e  "elbow* o f  t h e  curve, a f t e r  which 
inc reas ing  d imens iona l i t y  has l i m i t e d  payof f .  These k inds o f  p l o t s  w i l l  be 
shown along w i t h  the  d iscuss ions o f  t h e  i n d i v i d u a l  c r i t e r i a .  
Another way o f  v i s u a l i z i n g  the  goodness o f  f i t  o f  any MDS con f igu ra t i on  i s  
t o  p l o t  the  d is tances i n  t h e  MDS con f igu ra t i on  versus the  distances i n  the  
o r i g i n a l  ma t r i x .  Such p l o t s  a re  shown i n  Appendix A f o r  a l l  o f  the  MDS 
conf igura t ions  der ived  i n  t h i s  study. I f  these distances are  p e r f e c t l y  
co r re la ted  ( r e f l e c t i n g  a very good f i t ) ,  t h e  data po in ts  w i l l  l i e  along a 
s t r a i g h t ,  d iagonal  l i n e  (e.g., t he  three-dimensional con f igu ra t i on  f o r  the  
p r i vacy  data) .  On the  o the r  hand, i f  t h e  distances a re  no t  h i g h l y  co r re la ted  
( r e f l e c t i n g  a poor f i t ) ,  t h e  data po in ts  w i l l  be more scat tered (e.g., the 
one-dimensional c o n f i g u r a t i o n  f o r  noise in te r fe rence) .  There a r e  s i t u a t i o n s ,  
however, where the  r e l a t i o n s h i p  between the  o r i g i n a l  d istances and t h e  
distances i n  the  MDS con f igu ra t i on  i s  not l i n e a r ,  b u t  i s  s t i l l  h i g h l y  
monotonic (e.g., t h e  three-dimensional con f igu ra t i on  f o r  t r a n s i t i o n  
f requency).  I n  these cases, t he  value of  the  c o r r e l a t i o n  c o e f f i c i e n t  may be 
low ( r e f l e c t i n g  a poor f i t ) ,  bu t  the value o f  s t ress  may a l so  be l o w  
( r e f l e c t i n g  a good f i t ) .  Th is  i s  because s t ress  i s  ca lcu la ted  based on ly  upon 
the  order  o f  t he  o r i g i n a l  d istances, so no assumption o f  l i n e a r i t y  i s  made. 
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A f i n a l  p o i n t  about the  ana lys is  t o o l s  t h a t  warrants some d iscuss ion i s  
t he  use o f  both h i e r a r c h i c a l  c l u s t e r i n g  and MDS. A comparison o f  Figures 2 
and 3 ,  which show analyses o f  t he  a i r l i n e  d is tances i n  Table 3 ,  i nd i ca tes  t h a t  
there  i s  some redundancy between the  h i e r a r c h i c a l  c l u s t e r  ana lys i s  and the  MDS 
analys is .  I n  many ways, t he  main d i f f e r e n c e  between t h e  two techniques i s  
s imply t h a t  they prov ide  d i f f e r e n t  ways o f  g r a p h i c a l l y  represent ing the  same 
data. I n  t h i s  p a r t i c u l a r  example, t he  MDS ana lys is  (F igure  3)  provides a much 
more f a m i l i a r  representat ion,  due t o  our  f a m i l i a r i t y  w i t h  maps o f  t he  Uni ted 
States.  I n  o ther  cases, however, t h e  c l u s t e r  ana lys is  can add t o  our  
i n t e r p r e t a t i o n  o f  t he  data. This use o f  both MDS and c l u s t e r  ana lys is  (as 
w e l l  as o the r  t o o l s )  f o r  i n t e r p r e t i n g  d is tance matr ices has been advocated by 
Shepard (1 980). 
I n  the  c l u s t e r  and MDS analyses o f  t h e  f i v e  c r i t e r i a  f o r  assessing 
func t i ona l  re la t i onsh ips ,  we focused on the  MDS ana lys is .  General ly,  MOS i s  a 
more sensi t i v e  technique than c l u s t e r  ana lys is .  As appropr ia te,  however, 
features o f  t h e  c l u s t e r  analys is  w i l l  be po in ted  ou t  t o  c l a r i f y  
re1  a t i  o n i h i  ps . 
5. Conduct Analys is  o f  Crew T rans i t i on  Freauency 
As mentioned e a r l i e r ,  one o f  t h e  f i v e  c r i t e r i a  f o r  assessing 
re la t i onsh ips  invo lves the  frequency w i t h  which the  crew members 
func t i ona l  
f unc t i ona l  
s h i f t  from 
performing one func t i on  t o  performing another func t ion .  Such a s h i f t  between 
func t ions  may be re fe r red  to as a crew t r a n s i t i o n  between func t ions .  The 
assumption i s  t h a t  the  Space S t a t i o n  f a c i l i t i e s  should be arranged i n  such a 
manner as t o  f a c i l i t a t e  t r a n s i t i o n s  t h a t  occur f requent ly .  Th is  i s  c l e a r l y  
cons is ten t  w i t h  t r a d i t i o n a l  time-and-motion approaches t o  f a c i l i t i e s  layout  
(e.g. Chapanis, 1959, p. 23-62). 
Sample sequences o f  crew func t ions  provided t h e  bas is  f o r  es t imat ing  
frequency o f  crew t r a n s i t i o n s .  Sample sequences were developed showing the 
order  i n  which i n d i v i d u a l  crew members might perform the  func t ions  l i s t e d  i n  
Table 1. Each sequence covered a 24-hour per iod  f o r  one crew member. A t o t a l  
o f  four teen sequences were developed: s i x  f o r  Space S t a t i o n  S p e c i a l i s t s ,  s i x  
f o r  Mission Spec ia l i s ts ,  and two f o r  o f f -du ty  days. The sample sequences are  
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shown i n  Appendix 8. These fourteen sequences can be viewed as representing 
the sequence of functions tha t  one ncompositen crew member migh t  perform over 
a two-week period (assuming one day o f f  per week). 
The individual crew sequences were actual ly  b u i l t  by l i s t i n g  the f u n c t i o n  
numbers from a master l i s t  of functions ( w i t h  the a b i l i t y  t o  add comments, i f  
needed). A computer program was then used t o  read a l l  of these sequence f i l e s  
and calculate  the frequency of a l l  possible t rans i t ions  between functions. 
The r e su l t  was a matrix of crew t rans i t ion  frequencies for  a l l  pairs  of 
functions, shown i n  Table 4 .  
Since MDS and hierarchical c luster ing both require tha t  the values t o  be 
analyzed represent distances of some s o r t ,  i t  was necessary t o  f i r s t  reverse 
the scale  of the values i n  Table 4. That is ,  higher values 
Tabk 4 Matrix of Crew Tnnsidon Frequency 
Eati 
Meal Cban-u 
Medical care 
HandIFaca Ckanm 
Train' 
Private Recreation 
Cblhi Maint. t- 
Plannmg 6 Schd. 
S u m  MonnaMp 
PreRost-EVA 
IVA S u w n  d EVA 
Pro1 Owratmns 
Gen. Housekmn 
ORU Maimen- 
need t o  represent 
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a more d i s t a n t  r e l a t i o n s h i p  between func t ions  ins tead o f  a c l o s e r  r e l a t i o n s h i p  
as the  t r a n s i t i o n  frequencies c u r r e n t l y  do. The scale was reversed by s imply 
sub t rac t i ng  a l l  o f  t he  e n t r i e s  i n  Table 4 from the  maximum value i n  the  t a b l e  
(42%) ' . 
The r e s u l t  o f  t h e  c l u s t e r  ana lys is  o f  t h e  reversed ma t r i x  i s  shown i n  
Figure 4. Likewise, t h e  values o f  s t ress  f o r  t he  one-, two-, and 
three-dimensional MDS conf igura t ions  are  shown i n  F igure  5. The "elbow" o f  
t h i s  curve obv ious ly  occurs a t  two dimensions, s ince  t h e  use o f  t h ree  
dimensions d i d  n o t  s i g n i f i c a n t l y  reduce s t ress  f u r t h e r .  F igure  6 shows t h i s  
two-dimensional MDS conf igura t ion .  
The c l u s t e r  ana lys is  (F igure 4) shows t h a t  t he re  a r e  r e a l l y  on ly  two 
c l u s t e r s  o f  func t ions  t h a t  a re  very c l o s e l y  r e l a t e d  a t  a l l :  (1) Meal 
Preparat ion,  Eat ing,  and Meal Clean-up; and (2)  Ur inat ion/Defecat ion and 
Hand/Face Cleansing. Further,  these two c l u s t e r s  themselves are  f a i r l y  
c l o s e l y  r e l a t e d  t o  each other.  Obviously, these c l u s t e r s  a re  q u i t e  l o g i c a l .  
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Figure 4. Hierarchical Cluster Analysis of Craw Transition Fraquancr 
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Transition Frequency 
These two c l u s t e r s  a re  a l s o  apparent f rom the  MDS con f igu ra t i on  (F igure  6 ) ,  
I where they appear near t h e  center  o f  t he  p l o t .  
The frequency o f  crew t r a n s i t i o n s  between most o f  t he  o the r  func t ions  i s  
s u f f i c i e n t l y  low t h a t  they do no t  combine i n t o  c l u s t e r s  u n t i l  r e l a t i v e l y  h igh  
l e v e l s  i n  t h e  c l u s t e r  ana lys is .  I n  the  MDS analys is ,  t h i s  causes these other  
func t ions  t o  be d i s t r i b u t e d  around the  per iphery,  wh i l e  the  t w o  c l u s t e r s  
discussed be fore  f a l l  near the  center.  I n  general, the  more f requen t l y  
24 
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Figure 6. Two-Dimensional MDS Configuration for Crew Transition Frequency 
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performed functions fall near the center of the MDS configuration while the 
less frequently performed functions fall around the periphery. In addition, 
the crew support functions tend to fall in the bottom and left portions o f  
Figure 6, (e.g., Clothing Maintenance, Full-body Cleansing) while the Space 
Station and mission operations functions tend to fall in the top and right 
(e.g., IVA Support of EVA, Payload Support). 
6. Conduct Analysis of Sequential Dependencies 
Some of the functions listed in Table 1 depend upon other functions for 
their input. An obvious example of this kind of sequential dependency is that 
*Eating* depends upon. *Heal Preparation* for its input. A somewhat less 
obvious example i s  that *Exercise* may occasionally generate the need for 
"Full-body Cleansing" or *Hand/Face Cleansing" as a result of perspiration. 
The type of flow between functions that these sequential dependencies 
generate can take on various forms: material (e.g., food), changes in the 
state of the crew (e.g., the need to urinate or defecate), or information 
(e.g., an update to the inventory system as a result o f  food consumed). . A s  
with crew transition between the functions, traditional techniques o f  
facilities layout suggest that this kind of flow between functions should be 
optimized by locating those facilities that support dependent functions close 
together. This analysis o f  sequential dependencies is somewhat related to 
traditional *link* analysis (e.g., Chapanis, 1959, p. 51-62). 
. .  
As the above examples illustrate, these dependencies are not necessarily 
all-or-none. Consequently, the following rating scale was developed to 
quantify the degree of sequential dependency between all pairs of functions: 
How often does one function provide the reason (or  need) to perform 
another function? 
0 = always 
1 = often 
2 = occasionally 
3 = rarely 
4 = never 
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Due to the subjective nature of these judgements, three people familiar 
with Space Station crew functions were asked to rate, independently, all 
possible pairs of functions using this scale. The values submitted to 
analysis were then the averages of the three independent ratings, as shown in 
Table 5. 
To assess the amount of agreement between the three Independent sets of 
ratings, correlations between them were calculated. The results were as 
follows: 
Rater #l 
Rater #2 
Rater #3 
Rater #1 Rater #2 
- .50 
- 
Rater #3 
.34 
.31 
- 
Tabk 6. Matrix of Sequential Dependencia 
Values shown are 10 times actual values) 
40 
37 
34 
30 
20 
34 
24 
24 
27 
34 
34 
34 
27 
37 
34 
27 
24 
1 - - - - - - 
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While a l l  o f  these c o r r e l a t i o n s  are  s i g n i f i c a n t  (e  <.01), they i n d i c a t e  
t h a t  the  r a t e r s  d i d  n o t  t o t a l l y  agree on t h e  sequent ia l  dependencies among the  
func t ions .  
The r e s u l t  o f  t h e  c l u s t e r  ana lys is  o f  Table 5 i s  shown i n  F igure 7. The 
values o f  s t ress  f o r  t h e  one-, two-, and three-dimensional MDS conf igura t ions  
a re  p l o t t e d  i n  F igure 8. Since the  “elbown c l e a r l y  f a l l s  a t  two dimensions, 
t he  two-dimensional c o n f i g u r a t i o n  i s  shown i n  Figure 9. 
The c l u s t e r  ana lys is  resu l ted  i n  two main c l u s t e r s  t h a t  formed a t  a very 
low l e v e l :  (1) Meal Preparat ion,  Eating, and Meal Clean-up, and ( 2 )  
Pre/post-EVA Operations and I V A  Support o f  EVA. These are  i nd i ca ted  on the 
HDS con f igu ra t i on  as we l l .  However, these two c l u s t e r s  were n o t  very c l o s e l y  
r e l a t e d  t o  each other .  
A c lose  i nspec t i on  o f  t h e  MDS con f igu ra t i on  reveals  some other  
i n t e r e s t i n g  in fo rmat ion  as w e l l .  I n  general, most o f  t he  Crew Support 
func t ions  . f e l l  i n  t he  t o p  and l e f t  o f  Figure 9 (e.9.; Eat ing,  C lo th ing  
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Sequential Dependencies 
Maintenance, Small-group Recreation), w h i l e  most o f  t h e  Space S t a t i o n  and 
Mission Operations funct ions f e l l  i n  the  bottom and r i g h t  (e.g., Ma te r ia l s  
Processing Experiments, Prox imi ty  Operations, ORU Maintenance). An 
i n t e r e s t i n g  except ion t o  t h i s  i s  Tra in ing,  which i s  comnonly viewed as being a 
Crew Support func t ion ,  b u t  which c l e a r l y  f e l l  i n  w i t h  t h e  S t a t i o n  and Miss ion 
Operations funct ions.  The apparent reason f o r  t h i s  i s  t h a t  many S t a t i o n  and 
Mission func t ions  a re  dependent upon the  crew being p roper l y  t ra ined .  
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7 .  Conduct Analysis o f  S U O D O ~ ~  Equipment Requirements 
One o f  t he  zoning-type c r i t e r i a  f o r  measuring the re la t ionships between 
crew funct ions on the Space S ta t i on  involves the extent t o  which the funct ions 
requi re s i m i l a r  support equipment. The i m p l i c i t  assumption i s  t h a t  funct ions 
t h a t  share s i m i l a r  support equipment are more compatible than those t h a t  do 
not. Taken t o  the extreme, i f  two crew functions requi re p rec i se l y  the same 
se t  o f  support equipment, then those funct ions might reasonably be performed 
a t  the same place. The assumption t h a t  increasing s i m i l a r i t y  o f  support, 
equipment corresponds t o  Increasing compa t ib i l i t y  o f  crew funct ions seems 
reasonable since the  nature of  t he  crew's a c t i v i t i e s  i s  l a r g e l y  shaped by t h e  
equipment they are manipulating. 
The most straight- forward measure o f  the extent t o  which two functions 
requi re s i m i l a r  support equipment appears t o  be a percentage representing what 
propor t ion o f  equipment i s  shared by the functions. Spec i f i ca l l y ,  f o r  eacn 
pai r  of functions, a l i s t  of the t o t a l  equipment items required by e i t h e r  i s  
compiled ( w i t h  items required by both functions l i s t e d  only once). Then the 
number of equipment items t h a t  a r e  shared by both functions i s  determined. 
This number of shared items i s  then divided by the t o t a l  number of items t o  
ge t  the percentage. If two functions have no equipment items i n  common, the 
percentage w i l l  be 0. If two functions have precisely the same equipment 
items, the percentage wil l  be 100. 
As an example of calculat ing th i s  measure, consider the support equipment 
l i s t e d  i n  Table 2 f o r  the f i r s t  two crew functions: Meal Preparation and 
Eating. "Meal Preparation' requires four d i f f e r e n t  support items. "Eating" 
adds only one new item t o  t h a t  l i s t  (a  group meeting place) ,  f o r  a t o t a l  of 
f ive items. Two items a r e  shared between the functions: 'Food" and "Dishes 
and Utensils". T h u s ,  the percentage of shared equipment i s  2/5 o r  40%. 
To ensure consistent ident i f icat ion of equipment items across functions,  a 
master l i s t  of support equipment was b u i l t  (Table 6 ) . .  The support equipment 
associ'ated w i t h  'each function was then ident i f ied by number from th i s  l i s t  
( w i t h  the a b i l i t y  t o  add comnents, i f  needed, describing how a piece of 
equipment would be used by a given function).  By identifying the equipment i n  
th i s  manner, i t  was possible t o  wri te  a computer program t o  ca lcu la te  the 
percentages of shared equipment 'for a l l  pairs  of functions. The resu l t ing  
matrix of these percentages i s  shown i n  Table 7. 
As w i t h  the  data on t r a n s i t i o n  frequency discussed i n  an e a r l i e r  sect ion,  
the  scale  of the values shown i n  Table 7 must be reversed ( s o  t h a t  h igher  
numbers r e f l e c t  a more d i s t a n t  re la t ionship)  before s u b m i t t i n g  the matrix t o  
c l u s t e r  and MDS analysis.  T h i s  was done using the same technique as  before 
(subtracting each value from the maximum value i n  the matrix, 80) .  
conf 
were 
configurations a re  plotted i n  Figure 11. Note t h a t  a l l  th ree  
guratons provided extremely good f i t s  t o  the data. (All va 
under 8.012.) For a l l  pract ical  purposes, then, these data 
The resu l t  of the c l u s t e r  analysis  of , the  reversed matrix i s  shown i n  
Figure 10. The values of s t r e s s  f o r  the  one-, two-, and three-dimensional 
of these MDS 
ues o f  s t r e s s  
can be f i t  by 
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TABLE 6. MASTER EQUIPMENT LIST 
Main computer system 
Food 
Dishes and utensils 
Food heating equipment 
Group meeting place (e.g., table) 
Trash disposal equipment 
Dish washing equipment 
Cleaning equipment (e.g., wipes, vacuum) 
Exercise equipment (e.g., treadmill) 
Physiological monitoring equipment 
Books 
TV and video playback equipment 
Audio playback equipment 
Medical supplies (e.g., pharmaceuticals, bandages) 
Emergency medical treatment equipment (e.g., defibrillator) 
Medical laboratory equipment 
Minor surgery equipment 
Shower 
Soap and shampoo 
Washcloth and towel . Hand washer 
Toothpaste and toothbrush 
Shaving equipment 
Mirror 
Comb or hairbrush 
Miscellaneous personal hygiene equipment 
Toi let/urinal 
Sanitary wipes 
Task-specific simulation equipment (e.g., MRMS simulator) 
Sleep restraint 
Writing equipment 
Audio communications facilities 
Window 
Games 
C 1 othes 
Clothes washer 
Clothes dryer 
Video cameras 
Dedicated subsystem displays (e.g., warning lights) 
Dedicated subsystem controls 
Remote-control TV camera 
Controls for remotely operated vehicle 
Tools (e.g., hammer, screwdriver) 
Oiagnostic equipment (e.g., volt/ohm meter) 
Spare parts 
Contamination containment equipment 
Non-food consumables 
Dedicated payload status displays 
. 
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TABLE 6. MASTER EQUIPMENT LIST (Continued) 
Dedicated payload con t ro l s  
MRMS cont ro ls /d isp lays  
L i f e  sciences experiment-specif i c  d isp lays  
L i f e  sciences experiment-specif i c  .con t ro ls  
L i f e  sciences experiment racks 
Ma te r ia l s  processing exper iment-speci f ic  d isp lays  
Ma te r ia l s  processing exper iment-speci f ic  con t ro l s  
Ma te r ia l s  processing experiment racks 
Ex t raveh icu la r  M o b i l i t y  U n i t  (EMU) ( s u i t  and l i f e  support)  
Ex t raveh icu la r  Excursion Un i t  (EEU) 
EMU and EEU serv ice  and checkout equipment 
Oecontami n a t  i on p r o v i  s i  ons 
~ ~~ ~ 
Table 7. Matrix of S h u d  Support Equipment 
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Figure 11. Sam for 1-, 2-, and SDimenrioMl MDS Configumtiom for S h a d  Support 
Equipment 
o f  the  main c l u s t e r  i n  F igure 12 i s  another c l u s t e r  cons i s t i ng  o f  f i v e  
func t ions  re la ted  t o  hygiene (Personal Hygiene, Changing Clothes, Hand/Face 
Cleansing, Full-body Cleansing, and C lo th ing  Maintenance). These f i v e  
func t ions  do no t  share equipment w i t h  any o ther  funct ions.  F i n a l l y ,  apa r t  
from the  two c l u s t e r s  a re  t h e  l a s t  two funct ions:  Sleep and U r i n a t i o n /  
Defecation. Both of these func t ions  are  r e l a t i v e l y  i s o l a t e d  s ince n e i t h e r  of 
them shares support equipment w i t h  any o ther  func t ion .  
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Meal Prep, Eating, Meal Clean-up. 
Exercise, Medical Care, Training, 
Private Rec. ,  Small Group Rec Leisure, 
Meelinfleleconf , PlanninglSchedule, 
Subsystem Monitoring, PrelPost EVA; 
IVA Support, Prox Op's, General S.S. Housekeep, 
ORU Maint., LogistWResupply, Payload Support, 
Lie Science Exp. and Materials Pmc. Exp. 
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Figure 12 Two-Dimensional MDS Configuration for Shared Support Equipment 
8. Conduct Analys is  o f  P o t e n t i a l  f o r  Noise In te r fe rence  
Another zoning c r i t e r i o n  invo lves the  p o t e n t i a l  f o r  no ise generated by 
the  performance o f  one f u n c t i o n  t o  i n t e r f e r e  w i th  the  performance o f  another 
func t ion .  These in te r fe rence  p o t e n t i a l s  were der ived f r o m  a combination o f  
I two fac to rs :  
(1) The p o t e n t i a l  f o r  each func t i on  t o  generate noise,  e i t h e r  due t o  the  
crew a c t i v i t i e s  o r  due t o  the  support equipment. 
( 2 )  The p o t e n t i a l  f o r  t h e  crew a c t i v i t i e s  associated w i t h  each func t ion  t o  
be d i s rup ted  by noise. 
I 
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The obvious assumption i s  t h a t  func t ions  having a h igh  p o t e n t i a l  f o r  
generat ing noise should n o t  be co-located w i t h  func t ions  having a h igh  
p o t e n t i a l  f o r  being d is rup ted  by noise.  
A no ise  generat ion p o t e n t i a l  was assigned t o  each func t i on  by having 
r a t e r s  est imate the  Noise C r i t e r i o n  Curve (NCC) (see F igure  13) t h a t  would 
j u s t  cover the  noise curve generated by the  func t ion .  (For  a d iscuss ion o f  
Noise C r i t e r i o n  Curves see, f o r  example, HcCormick, 1970, p. 207-208). The 
acceptable range o f  NCC values was 15 (extremely q u i e t )  t o  70 (ext remely 
loud).  The noise generat ion r a t i n g s  were assigned on t h e  bas is  o f  t h e  types 
o f  support equipment t h a t  might generate no ise (e.g., r o t a t i n g  motors, a i r  
duc t  noises, showers, hammer, d r i l l )  and the  associated crew a c t i v i t i e s  (e.g., 
large-group d iscuss ions) .  These assessments were made independent ly by t h e  
same th ree  people who d i d  the  e a r l i e r  sequent ia l  dependency ra t i ngs .  The 
r e s u l t i n g  average noise generat ion p o t e n t i a l s  a re  shown i n  Table 8. 
F n a u a ~ y  lmd.her?r (Hr)  
Figure 13. Noise Criteria Curves (from McCormick, 1970, p. 207) 
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Table 8. Average Ratings f o r  Noise Generation, No ise  Tolerance, 
and Noise Disrupt ion (Noise Disrupt ion = 52.7 - Noise  
Tolerance) 
I Function 
Heal Preparation 
Eating 
Heal Clean-up 
Exercise 
Medical Care 
Full-body Cleansing 
Hand/Face Cleansing 
Personal Hygiene 
Urination/Defecation 
Tra l  n i  ng 
S 1 eep 
Pr ivate Recreation and Leisure 
Small-group Recreation and Leisure 
Dress i ng/Undress i ng 
Clothing.Maintenance 
Meetings and Teleconferences 
Planning and Scheduling 
Subsystem'Monitoring and Control 
Pre/Post-EVA Operations 
I V A  Support o f  EVA Operations 
Proximity Operations 
General Space S ta t i on  Housekeeping 
ORU Maintenance and Repair 
Logis t ics  and Resupply 
Payload Support 
L i f e  Sciences Experiments 
Hater ia ls  Processing Experiments 
I 
. 
I 
No1 se 
Generat i on 
37 .O 
41.7 
45 .0  
50.0 
26.7 
42.7 
34.7 
35.7 
33.7 
31.3 
19.7 
26.7 
35.3 
27 .o 
47 .7 '  
38.3 
39.0 
42.3 
40 .0  
37.7 
47.3 
52.3 
44.0 
36.3 
35.0 
44.7 
. 33.3 . 
No ise  
Tolerance 
50.7 
41.3 
51 .o 
50.0 
29.7 
46.0 
46 .0  
48.3 
48.3 
30.3 
21.3 
23 .0  
32.0 
49.3 
48.7 
26 ;7  ' 
31 .O 
27.3 
34.7 
34 .0  
25.7 
52.7 
40.7 
50.0 
31 - 0  
31.3 
31 .O 
No ise  
D i  s r u p t i  on 
2 .o 
11.4 
1 .7  
2.7 
23.0 
6 .7  
6 .7  
4 .4  
4.4 
22.4 
31 - 4  
29.7 
'20 .7  
3 .4  
4 . 0  
26.0 
21.7 
25.4 
18 .0  
18.7 
27 .O 
0.0 
12.0 
2.7 
21.7 
21.4 
21.7 
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A noise tolerance level was then established for each function by asking 
the raters to select the Noise Criterion Curve that represents the maximum 
level of noise that could be tolerated by a crew member without disrupting 
performance of the function. Again, these values could range from 15 to 70. 
The resulting average noise tolerance levels are shown in Table 8. 
The correlations between the estimated noise generation levels for the 
three raters were as follows: 
Rater #l Rater #2 Rater #3 
Rater #l - .12 .18 
Rater #2 - .81 
Rater #3 - 
The correlations between the estimated noise tolerance levels were as 
- follows: .. . 
Rater #1 
Rater #2 
Rater #3 
m 
Rater #l . Rater #2 Rater #3 
- .86 .83 
- .88 
- 
All of the correlations were significant (e c.01) and relatively high, 
indicating general agreement among the raters on the noise generation and 
noise tolerance levels for each of the functions. 
To arrive at a noise-interference potential for each pair of functions, 
the basic approach was to combine the corresponding noise generation and noise 
tolerance levels. However, before combining them it was necessary to rescale 
the noise tolerance levels so that higher numbers represent a greater 
potential for the function to be disrupted by noise. This was done by 
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sub t rac t i ng  each o f  t h e  noise to le rance l e v e l s  f r o m  the  h ighest  to lerance 
l e v e l  found (52.7). The r e s u l t i n g  values, which w i l l  be c a l l e d  noise 
d i s r u p t i o n  p o t e n t i a l s ,  a re  shown i n  Table 8. The noise generat ion l e v e l s  and 
noise d i s r u p t i o n  p o t e n t i a l s  were then m u l t i p l i e d  together  t o  form a f u l l  
mat r i x .  This approach, however, r e s u l t s  i n  an asymmetric ma t r i x .  For 
example, nSleeptl has a no ise d i s r u p t i o n  p o t e n t i a l  o f  31.4 and a noise 
generat ion p o t e n t i a l  o f  19.7; t h e  corresponding values f o r  UExerciselt a re  2.7 
and 50.0. Thus, t h e  two products a re  53.2 (19.7 x 2.7) and 1570 (31.4 x 50.0). 
Since i t  i s  p h y s i c a l l y  impossible f o r  t he  d is tance from area " A "  t o  area 
*En t o  be d i f f e r e n t  f rom t h e  d is tance from area *Bn t o  area " A A "  , then one 
number must be chosen t o  represent  the  no ise  i n t e r f e r e n c e ' p o t e n t i a l  between 
each p a i r  o f  func t ions .  Since these numbers represent a type o f  
i n c o m p a t i b i l i t y  between the  funct ions,  i t  was decided t h a t  the appropr ia te 
number t o  use i n  each case i s  t he  sum o f  the  two values. F o l l o w i n g  t h e  
example g iven before, t h e  no ise  i n te r fe rence  p o t e n t i a l  between "Sleep" and 
"Exercisen would be 1623.2 (53.2 + 1570). These r e s u l t i n g  noise i n te r fe rence  
p o t e n t i a l s  a re  shown i n  Table 9, where they  have been d i v ided  by 10 and 
rounded t o  the  nearest  whole number f o r  ease o f  representat ion.  
~ 
The r e s u l t  o f  t h e  c l u s t e r  ana lys is  o f  Table 9 i s  shown i n  F igure 14. The 
values o f  s t ress  f o r  t h e  one-, two-, and three-dimensional MDS conf igura t ions  
a re  p l o t t e d  i n  F igure  15.  Since the  "elbow" seems t o  occur a t  two dimensions, 
t he  two-dimensional MDS c o n f i g u r a t i o n  i s  shown i n  F igure 16. 
The MDS c o n f i g u r a t i o n  (F igure 16) very c l e a r l y  shows one main c l u s t e r  o f  
func t ions  near the  center  o f  t h e  p l o t .  This same group appears as t h e  bottom 
eleven func t ions  i n  t h e  c l u s t e r  ana lys is  (F igure 14). This c l u s t e r  i s  
composed almost e n t i r e l y  o f  crew support func t ions  (e.g., DressingAJndressing, 
Meal Preparat ion,  Exercise).  The func t ions  i n  t h i s  c l u s t e r  a re  those 
func t ions  t h a t  a re  t h e  l e a s t  l i k e l y  t o  be d is rup ted  by noise.  I n  f a c t ,  
inspec t ion  o f  Table 8 reveals  t h a t  the  noise d i s r u p t i o n  p o t e n t i a l s  f o r  these 
eleven func t ions  ranged from on ly  0 t o  6.7. The next-lowest d i s r u p t i o n  
p o t e n t i a l  i s  11.4 ( f o r  Eat ing) ,  r e f l e c t i n g  t h e  c l e a r  separat ion between the 
c e n t r a l  c l u s t e r  and the  o the r  funct ions.  
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Table 9. Matrix of Noise Interference Potentials 
I 
The remaining functions are scattered around the periphery of the MOS 
configuration. In general, the quieter functions that are susceptible to 
noise disruption fall in the top and right (e.g., Sleep, Private Recreation) 
while the noisier functions that are also somewhat susceptible to disruption 
fall in the bottom and left (e.g., Ueetings and Teleconferences, ORU 
Haintenance). 
9 .  Conduct Analysis of Need for Privacy 
Some of the functions listed in Table 1 are inherently more "private" than 
others (e.g., Sleep). In general, privacy may be defined as the ability t o  
control or regulate information about oneself that i s  available to others. 
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This regulat ion can occur f o r  two main sensory channels: audio and v isual  
(1.e.. you wish t o  regulate how much others can hear about what you a r e  doing 
and how much they can see). Neither type o f  pr ivacy regulat ion i s  an 
all-or-none a f f a i r .  Consequently, methods f o r  r a t i n g  both types o f  desired 
pr ivacy were developed; 
Audio pr ivacy was operat ional ly  defined f o r  each funct ion as the optimum 
percentage o f  words spoken by someone performing the funct ion t h a t  could be 
understood by a 1 is tener .  These percentage assessments where made 
independently by three raters.  The r e s u l t i n g  averages are shown i n  Table 10. 
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Visual pr ivacy was opera t iona l ly  defined f o r  each function as the optimum 
percentage of v isual  exposure appropriate t o  t h e  a c t i v i t y .  The r a t e r s  were 
given the  fol lowing examples o f  v isual  exposure: 
Total  exposure I 0 = 100 
1 visual  b a r r i e r  = # I  = 75 
2 visual  b a r r i e r s  = 1 . 1  or f) = 50 
3 visual  b a r r i e r s  = m = 25 
4 visual  b a r r i e r s  = El = o  
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Figure 18. Two-Dimensional MDS Configuration for Noise Intarfennca 
They were t o l d ,  however, t h a t  they could use in termediate values as w e l l .  
The r e s u l t i n g  averages a r e  shown i n  Table 10. 
The c o r r e l a t i o n s  among t h e  th ree  r a t e r s  f o r  t he  audio p r i vacy  assessments w e r e  
as fo l lows:  
Rater #1 
- Rater #1 
Rater #2 
Rater #3 
Rater #2 
.87 
- 
Rater #3 
.62 
. 5 3  
- 
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Table 10. Average Ratings for Audio and.Visua1 Privacy Needs 
Func t i on 
Meal Preparation 
Eating 
Mea 1 C 1 ean-up 
Exercise 
Medical Care 
Full-body Cleansing 
Hand/face Cleansing 
Personal Hygiene 
Urination/Defecation 
Trai ni ng 
$1 eep 
Private Recreation and Leisure 
$mal l-group Recreation 
Oress i ng/Undress i ng 
Clothing Maintenance 
Meetings and Teleconferences 
Planning and Scheduling 
Subsystem Monitoring and Control 
Pre/Post-EVA Operations 
'IVA Support o f  EVA Operations 
Proximity Operations 
General Space Station .Housekeeping 
ORU Maintenance and Repair . 
Logistics and Resupply 
Payload Support 
Life Sciences Experiments 
Materials Processing Experiments 
Audio 
97 
93 
97 
82 
52 
10 
50 
7 
0 
67 
0 
5 
35 
8 
65 
70  
75 
100 
100 
100 
100 
100 
100 
92 
75 
67 
67 
Visual 
100 
93 
92 
67 
43 
0 
67 
0 
0 
83 
25 
15 
62 
58 
85 
92 
100 
100 
100 
100 
93 
83 
83 
93 
68 
67 
67 
The correlations for the visual privacy assessments were as follows: 
Rater #l Rater #2 Rater #3 
Rater #l - 
Rater #2 
Rater #3 
.68 .57  
.35 - 
- 
Interestingly, not all of the correiations are particularly high, 
reflecting some individual differences among the raters with regard to privacy 
perceptions. In fact, Rater #3 ( f o r  whom the correlations with Raters 1 and 2 
were rather low) volunteered that she i s  probably a more "public" person than  
many other people are. 
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For both the  audio and v i s u a l  p r i vacy  assessments, a ma t r i x  was formed by 
c a l c u l a t i n g  the  d i f f e rences  (unsigned) between the  respec t ive  ra t i ngs .  This 
resu l ted  i n  lower values ( *d is tances" )  f o r  p a i r s  o f  funct ions w i t h  s i m i l a r  
p r i vacy  requirements and h igher  values f o r  p a i r s  o f  funct ions w i t h  d i s s i m i l a r  
p r i vacy  requirements. The r e s u l t i n g  matr ices a re  shown i n  Table 11 f o r  audio 
p r i vacy  and Table 12 f o r  v i s u a l  pr ivacy.  To ge t  a composite p r i vacy  ma t r i x ,  
these two matr ices were s imply  added together.  The r e s u l t i n g  ma t r i x  i s  shown 
i n  Table 13. 
The r e s u l t  o f  a c l u s t e r  ana lys is  o f  Table 13 1s shown i n  F igure 17. The 
values o f  s t ress  f o r  t h e  one-, two-, and three-dimensional  HDS conf igura t lons  
are  p l o t t e d  i n  F igure  18. Since t h e  "elbow* seems t o  occur a t  two dimensions, 
t h e  two-dimensional HDS con f igu ra t i on  i s  shown i n  F igure  19. 
Tab& 11. Matrix of Audio Privacy Needs 
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Table 12. Matrix of Visual Privacy Needs 
As is apparent from Figure 19, the MDS configuration i s  mostly 
one-dimensional. The functions on the left side of the plot are basically 
*public* (e.g., Subsystem Monitoring, Meal Preparation), while the functions 
on the right side are basically "private" (e.g., Urination/Defecation, Private 
Recreation). A few "semi-private" functions fall near the middle (e.g., 
Medical Care, Small-group Receation). This .public vs. private" dichotomy is 
also apparent in the cluster analysis (Figure 17) ,  where the five "private" 
functions, shown on the right In the HDS configuration, do not join the other 
more "public" functions until the last clustering level. 
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Table 13. Matrix of Combined Privacy Needs 
10. Conduct Analys is  o f  Overa l l  Compa t ib i l i t y  o f  Functions 
As the  preceding discussions have ind icated,  t h e  conclusions t h a t  one 
might  draw about f a c i l i t i e s  l ayou t  d i f f e r  somewhat depending upon which o f  the  
f i v e  c r i t e r i a  i s  being considered. f a c i l i t i e s  layout  
i s  i n h e r e n t l y  a process o f  making t r a d e - o f f s  between these var ious c r i t e r i a .  
For example, a h igh  frequency o f  crew t r a n s i t i o n  between two func t ions  would 
lead the  designer t o  l oca te  the  associated f a c i l i t i e s  c lose  togethe-.  
However, t h e  same two func t ions  might have a h igh  noise in te r fe renc .  
p o t e n t i a l ,  thus leading t h e  designer e i t h e r  t o  l oca te  them f u r t h e r  apa r t  o r  t o  
e rec t  a sound b a r r i e r  between them. A systematic technique f o r  making these 
k inds o f  t rade-o f fs  i s  needed. 
This i s  t o  be expected: 
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One technique f o r  approaching these t rade-o f fs  i s  t o  compare the  
* c i r c u l a t i o n *  mat r ices  (1 .e., crew t r a n s i t i o n  frequency and sequent ia l  
I dependencies) t o  t h e  *zoning* matr ices (1.e.. shared equipment, no ise 
i n te r fe rence ,  p r i v a c y  needs). Th is  can be done by combining the  t w o  
c i r c u l a t i o n  mat r ices  i n t o  one ma t r i x  and t h e  th ree  zoning matr ices i n t o  
another mat r ix .  I f  each o f  t h e  f i v e  matr ices had used exac t l y  t h e  same sca le  
f o r  t h e i r  en t r i es ,  one approach t o  combining them could be t o  s imply  add the 
corresponding matr ices together .  I n  r e a l i t y ,  however, t h e  f i v e  matr ices d i d  
n o t  use t h e  same scale.  This  problem can be solved by resca l i ng  each o f  t h e  
matr ices t o  a comnon scale.  A r b i t r a r i l y ,  a sca le t h a t  ranges from 0 t o  50 %as 
chosen. Each ma t r i x  was then rescaled by m u l t i p l y i n g  i t s  e n t r i e s  by the  r a r ' o  
o f  50 over  t h e  maximum value i n  the  matr ix .  I n  t h e  cases o f  t he  sharec 
equipment m a t r i x  and t h e  crew t r a n s i t i o n  mat r ix ,  t h e  "reversed" ma t r i x  wz5 
used. I n  t h i s  way, h ighe r  numbers mean a more d i s t a n t  r e l a t i o n s h i p  f o r  a i ;  
f i v e  matr ices.  
I 
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A f t e r  resca l ing ,  t h e  crew t r a n s i t i o n  and sequent ia l  dependency matr ices 
w e r e  added together  t o  y i e l d  a U c i r c u l a t i o n U  mat r ix ,  shown i n  Table 14, and 
the  shared equipment, no ise i n te r fe rence ,  and p r i vacy  matr ices were added 
together  t o  y i e l d  a nzoningn mat r ix ,  shown i n  Table 15. 
The r e s u l t  of t he  c l u s t e r  ana lys is  o f  Table 1 4 . 1 s  shown i n  F igure  20. The 
values o f  s t ress  f o r  the  one-, two- and three-dimensional MDS con f igu ra t i ons  
are  p l o t t e d  i n  F igure 21. Since the  nelbown appears t o  f a l l  a t  two 
dimensions, t h e  two-dimensional MDS con f igu ra t i on  i s  shown i n  F igure 22. The 
r e s u l t  o f  t h e  c l u s t e r  ana lys is  o f  Table 15 i s  shown i n  F igure 23.  The values 
o f  s t ress  f o r  t he  one-, two-, and three-dimensional MDS con f igu ra t i ons  are  
p l o t t e d  i n  F igure 24.  Since t h e  "elbow" f a l l s  a t  two dimensions, t h e  
two-dimensional MDS con f igu ra t i on  i s  shown i n  F igure 25. 
Table 14 Matrix of Combined Circulation D8ta 
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Table 15. Matrix of Combined Zoning Data 
The s t ronges t  c l u s t e r i n g  revealed by the  c l u s t e r  ana lys is  o f  
c i r c u l a t i o n  data (F igure 20) I s  t h e  c l u s t e r  composed o f  Meal 
t h e  combined 
Preparat ion,  
Eat ing,  and Meal Clean-up, i n d i c a t i n g  the  very c lose assoc ia t ion  between these 
funct ions.  This  c l u s t e r  i s  a l s o  r e f l e c t e d  i n  the  lower r ight-hand p o r t i o n  o f  
t he  MDS p l o t  (F igure  22). I n  general, t he  remaining crew support  func t ions  
f e l l  i n  t he  t o p  and r i g h t  po r t i ons  o f  t he  MDS p l o t  w h i l e  t h e  S t a t i o n  and 
miss ion operat ions f e l l  i n  t h e  bottom and l e f t .  Near t h e  center  o f  t h e  p l o t  
a re  th ree  hygiene-related func t ions  (Ur inat ion/Defecat ion,  Hand/Face 
Cleansing, and Personal Hygiene) t h a t  appear t o  a c t  as a 'bridge' between the 
on-duty and of f -duty  func t ions .  This i s  understandable, s ince those func t ions  
need t o  be performed throughout the  day, both on-duty and o f f -du ty .  
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Figure 2 2  Twa-Dimensiorul MDS Configuration for Combined Circulation Data 
The s t ronges t  c l u s t e r i n g  revealed by the  zoning ana lys is  (F igure  23)  i s  
s i m i l a r  t o  t h e  one revealed by t h e  c i r c u l a t i o n  analys is ,  except t h a t  t he  th ree  
mealtime func t i ons  have been j o i n e d  by Logist ics/Resupply and General Space 
S t a t i o n  Housekeeping. Another c l u s t e r  i nd i ca ted  by F igure 23 i s  one composed 
o f  I V A  Support o f  EVA Operations and Prox imi ty  Operations. Both o f  these 
c l u s t e r s  appear i n  t h e  r ight-hand p o r t i o n  o f  t h e  HDS con f igu ra t i on  shown i n  
F igure  25. I n  general, t h e  remaining crew support func t ions  f e l l  i n  the  
le f t -hand p o r t i o n  o f  t h e  MDS p l o t  w h i l e  the  remaining S t a t i o n  operat ions and 
miss ion operat ions f e l l  i n  t h e  r ight-hand po r t i on .  
A comparison o f  t h e  c i r c u l a t i o n  HDS p l o t  (F igure 22)  and the  zoning MDS 
p l o t  (F igure  25)  reveals  t h a t  t he  dec is ions one might make about Space S t a t i o n  
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Figure 23. Hienrchial Cluher Anrlysis b Combined Zoning Data 
l ayout  would indeed d i f f e r  depending upon which c r i t e r i o n  i s  be ing 
considered. For example, t h e  c i t c u l a t i o n  p l o t  (F igure  22) shows t h a t  Sleep, 
Prox imi ty  Operations, and Pre/Post-EVA Operations f e l l  i n  t h e  same general  
area ( t h e  top) ,  i n d i c a t i n g  t h a t  those func t ions  should be performed i n  
p rox im i t y  t o  each o ther  i n  order  t o  opt imize c i r c u l a t i o n .  The zoning p l o t  
(F igure  2 5 ) ,  on the  o the r  hand, shows t h a t  w h i l e  Prox imi ty  Operations and 
Pre/Post-EVA Operations f e l l  near each o ther  ( t h e  f a r  r i g h t ) ,  Sleep f e l l  a t  
t he  extreme opposi te end o f  t he  p l o t .  This s o r t  o f  apparent inconsis tency 
imp l ies  t h a t  s leep should be performed i n  one Space S t a t i o n  module w h i l e  
Prox imi ty  Operations and Pre/Post-EVA Operations should be performed i n  
another connecting module o r  node. I n  t h i s  manner, i t  i s  poss ib le  t o  
es tab l i sh  d i f f e r e n t  "zonesM f o r  t he  funct ions b u t  s t i l l  ma in ta in  a r e l a t i v e l y  
low d is tance between them. 
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Figure 25. Two-Dimensional MDS Configuration for Combined Zoning Data 
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ORIGK3Ab PAGE is 
OF POOR QUALITY 
In order to get an overall picture of the functional relationships, it is 
possible to combine all five of the matrices into one overall matrix (Table 
16). As before, the matrices were rescaled to a common scale before they were 
added together. The result of the cluster analysis o f  Table 16 is shown in 
Figure 26. Since the "elbow" 
falls at two dimensions, the two-dimensional MDS configuration is shown i n  
Figure 28. 
The values of stress are plotted in Figure 27. 
As would be expected from the circulation and zoning analyses, the 
strongest clustering revealed by Figure 26 is the cluster composed o f  the 
three mealtime functions. This  cluster is also reflected in the upper 
right-hand portion o f  the MDS plot (Figure 28). Interpretation of the MOS 
configuration is facilitated by an attempt t o  identifj orthogonal dimensions 
in the plot that can be assigned meaning. Two dimensions that appear to 
accurately describe the configuration are shown in Figure 29. The horizontal 
axis has been labeled 'Private-Public" and the vertical axis IIGroup- 
Individual". 
Tabla 16. Matrix of Combined Data 
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Figure 28. TweDimentional MDS Configuration for Combined Dm 
The nPr ivate-Publ icn a x i s  i s  t he  pr imary dimension o f  t he  MOS 
conf igura t ion .  I n  fac t ,  t h i s  dimension i s  e s s e n t i a l l y  t h e  one t h a t  a 
one-dimensional con f igu ra t i on  reveals.  The funct ions a t  the  most ex t reme 
"Pr iva te"  end are  P r i va te  Recreation and Sleep, w h i l e  a t  t he  extreme "Publ ic ' l  
end are Subsystem Moni tor ing and Prox imi ty  Operations. From the  s tandpoint  o f  
personal pr ivacy,  a crew member performing such S t a t i o n  operat ions as 
Subsystem Moni tor ing o r  Prox imi ty  Operations would have l i t t l e  concern about 
how much exposure t o  the  r e s t  of t h e  crew he has. However, t h i s  study d i d  n o t  
address o ther  issues, such as S ta t i on  secur i ty ,  t h a t  might i n d i c a t e  a need f o r  
p r i vacy  w i t h  some o f  these S ta t i on  operat ions.  
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Figure 29. Tw~Dimnsionrl  MDS Configuration for Combined Data with Dimensions Added 
The "Group-Indiv idual*  a x i s  is t h e  secondary dimension o f  t he  MDS 
conf igura t ion .  The func t i ons  a t  the  extreme .Group" end a r e  Meetings and 
Teleconferences, and, t o  a l esse r  extent,  Eat ing.  Meetings and 
Teleconferences a re  c l e a r l y  a group a c t i v i t y  ( f o r  work-related reasons), as i s  
Eat ing ( f o r  s o c i a l  reason). The func t ions  a t  the  extreme " I n d i v i d u a l "  end are  
Medical Care and t h e  two func t ions  associated w i t h  experiments. The 
assumption on the  p a r t  o f  t h e  r a t e r s  appears t o  have been t h a t  Medical Care 
w i  11 i nvo l ve  p r i m a r i l y  se l f - ca re  and t h a t  on-board experiments w i l l  be r u n  
p r i m a r i l y  by the  i n d i v i d u a l s  t r a i n e d  t o  perform them. 
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Looking a t  t he  MDS con f igu ra t i on  i n  terms o f  t he  f o u r  quadrants formed by 
these two axes reveals some i n t e r e s t i n g  groupings. S t a r t i n g  a t  t he  top - r i gh t ,  
t he  f i r s t  quadrant i s  composed o f  IIPublic Group" func t ions .  This conta ins the  
func t ions  associated w i t h  meals, meetings, and, i n t e r e s t i n g l y ,  EVA and 
p rox im i t y  operat ions.  The assumption appears t o  have been t h a t  EVA and 
p rox im i t y  operat ions may commonly requ i re  more than one person. Proceeding 
clockwise, t h e  next  quadrant i s  composed o f  "Publ ic  I n d i v i d u a l "  func t ions .  
This conta ins the  mission operat ions (payload and experiment support)  and the  
S t a t i o n  operat ions t h a t  can reasonably be performed by i n d i v i d u a l s  (e.g., ORU 
Maintenance, Subsystem Moni tor ing) .  The bo t tom- le f t  quadrant i s  composed o f  
'#Pr ivate Ind i v idua l1#  funct ions.  This inc ludes a l l  o f  t h e  hygiene-related 
func t ions  (e.g.,-Full-body Cleansing, Ur inat ion/Defecat ion) ,  as w e l l  as Sleep, 
P r i va te  Recreation, and Medical Care. F i n a l l y ,  t h e  t o p - l e f t  quadrant i s  
composed o f  "P r i va te  Group" funct ions.  More c o r r e c t l y ,  i t  i s  composed o f  one 
"P r i va te  Group" func t ion :  Small-group Recreation. It seems apparent t h a t  
t h i s  i s  t he  on ly  group func t i on  t h a t  can be viewed as r e q u i r i n g  some degree o f  
p r i vacy  as w e l l .  A f i n a l  p o i n t  worth no t i ng  about the  MDS con f igu ra t i on  
r e l a t e s  t o  t h e  Exercise f h c t i o n ,  which f e l l  f n  t h e  center  o f  t he  p l o t .  
Apparently, Exercise i s  viewed as n e i t h e r  p a r t i c u l a r l y  p u b l i c  nor  p r i v a t e  and 
i t  may be performed e i t h e r  i n d i v i d u a l l y  o r  i n  a group. 
IMPLICATIONS FOR SPACE STATION LAYOUT 
These f i nd ings  have several  imp l i ca t i ons  f o r  t he  design o f  an o p t i m a l l y  
hab i tab le  Space Sta t ion .  I n  consider ing these imp l i ca t i ons ,  no p a r t i c u l a r  
number o r  con f igu ra t i on  o f  Space S ta t i on  modules i s  assumed. I n  f a c t ,  the  
r e s u l t s  o f  t h i s  ana lys is  can be app l ied  t o  any number o f  modules (even one) 
and any con f igu ra t i on  o f  modules. 
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The major implications of these findings for Space Station interior layout 
are as follows: 
1. Private functions need to be separate from public functions. 
The primary dimension revealed by the MDS analysis of the combined 
data is a "Public-Private' dimension. This implies that the 
facilities supporting the functions at the extreme ends o f  this 
dimension should be as clearly separated from each other as the 
Space Station configuration .will allow. At the "Private" end are 
the facilities for Sleep and Private Recreation. At the "Public" 
end are many of the facilities supporting Station operations (e.g., 
Subsystem Monitoring, IVA Support of EVA, Proximity Operations). 
One effect of this kind of separation of the facilities is that it 
allows the crew members to adopt a clear distinction, in their own 
minds, between on-duty ("public") periods and off-duty ( ll,privateil) 
periods. . - 
* 
2. Facilities f o r  meal premration. eatinq. and meal *clean-up should be 
close tosether. 
Almost all of the cluster analyses and MDS analyses revealed a close 
grouping of the three functions associated with meals. This is not 
particularly surprising, since it follows the traditional wisdom o f  
locating kitchens and dining areas in close proximity with each 
other. 
3. At least two kinds of meetinq soaces are needed. 
In most of the MDS configurations, including the overall 
configuration (Figure 29) ,  the two functions that involve group 
meetings -- "Meetings and Teleconferences" and "Small-group 
Recreation" .-- did not fall close to each other. This implies that 
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they should not be supported by the same facility. It appears that 
a relatively large meeting space is needed to accommodate the kind 
. of meetings and teleconferences that may involve the entire crew 
(e.g., shift changes, crew changes, press conferences with the 
ground). For the most part, these meetings will be work-related. 
On the other hand, these findings indicate that another, probably 
smaller, meeting space needs to be provided for small-group 
recreation and leisure (e.g., playing cards, group viewing of 
television). Although these meetings will mainly be 
non-work-related, one can also envision situations where 
work-related meetings among small groups may be needed (e.g., 
discussions of particular experiments, disciplinary actions). In 
general, the facility for small-group meetings should allow for 
greater privacy than the facility for large-group meetings. 
Another function that typically involves groups is Eating. The 
relative proximity of Eating and Meetings and Teleconferences in the 
overall MDS configuration (Figure 29) implies that they may be able 
to share a meeting space (e.g., a awardrooma). However, this may 
need to change with larger crews since there could be timing 
conflicts between the two sets of activities. 
4. The two functions associated with health maintenance need to be 
performed separate1 v. 
The two functions directly associated with maintaining the crew's 
health -- Medical Care and Exercise -- are relatively incompatible 
with each other and should not be co-located. This is indicated by 
the separation of those functions in the overall MDS configuration 
(Figure 29). Most of the MDS configurations show Exercise being more 
closely associated with the public Station operations and mealtime 
functions, and Medical Care being more closely associated with the 
private individual functions. 
63 
5. Hygiene-related func t ions  should be co-located. 
Most o f  t he  MDS conf igura t ions  show a r e l a t i v e l y  c lose  assoc ia t ion  
among the  f o l l o w i n g  f i v e  func t ions  assmia ted  w i t h  the crew's 
hygiene: 
1. Ful l -body Cleansing 
2. Personal Hygiene 
3.  U r i  nat ion/Def eca t ion  
4. Dressing/Undressing - 
5. Hand/Face Cleansing 
This  suggests t h a t  f a c i l i t i e s  suppor t ing these func t ions  should be 
co-located. Obviously, t h i s  conforms t o  the  t r a d i t i o n a l  
(ground-based) wisdom o f  designing bathrooms t o  support a1 1 o f  t h e s e  
funct ions.  I n  general, these func t ions  a re  more c l o s e l y  associated 
w i t h  t h e  o the r  p r i v a t e  crew func t ions  (Sleep and Pr i va te  Recreat ion) 
* t han  they  a re  w l th  t h e  p u b l i c  S ta t ton  operat ions.  :Assuming .there 
w i l l  be more than one Space S t a t i o n  module, crew s i z e  and frequency 
o f  use w i l l  p robably  d i c t a t e  t h a t  a t  l e a s t  some o f  these f a c i l i t i e s  
be dup l i ca ted  and provided i n  more than one module. For example, 
t h e  * c i r c u l a t i o n *  HDS p l o t  shows t h a t  t he  f a c i l i t i e s  f o r  
u r i  nat ion/def  eca t i on  , hand/f ace c leansing and persona 1 hygiene 
should be r e a d i l y  access ib le  from both the  "p r i va te "  o f f -du ty  areas 
and t h e  "pub l i c "  on-duty areas. Assuming t h a t  t he  on-duty and 
o f f -du ty  areas w i l l  be i n  two d i f f e r e n t  modules, t h i s  c i r c u l a t i o n  
need imp l ies  t h a t  the  hygiene f a c i l i t i e s  should be provided i n  both 
modules. 
6. F a c i l i t i e s  f o r  exDeriments and payload support should be separate 
from o ther  f a c i l i t i e s .  
I n  most o f  t he  MDS conf igurat ions,  i n c l u d i n g  the  o v e r a l i  
con f i gu ra t i on  shown i n  Figure 29, the  funct ions associated w i t h  
Payload Support, L i f e  Sciences Experiments, and Ma te r ia l s  Processing 
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Experiments a re  more c l o s e l y  associated w i t h  each o the r  than they 
a re  w i t h  any o ther  funct ions.  This imp l ies  t h a t  the f a c i l i t i e s  
suppor t ing these experiments and payload func t ions  should be 
separate from both the  f a c i l i t i e s  suppor t ing day-to-day S t a t i o n  
operat ions and the  p r i v a t e  crew support f a c i l i t i e s .  
7. F a c i l i t i e s  f o r  on-board t r a i n i n q  probably need t o  be provided i n  
more than one place. 
"Tra in ing*  i s  perhaps t h e  one func t i on  whose p o s i t i o n  r e l a t i v e  t o  
t h e  o ther  func t ions  changed the  most from one MDS con f igu ra t i on  t o  
another. For example, t he  noise i n te r fe rence  ana lys i s  (F igure  16) 
grouped T ra in ing  wi th the  q u i e t  crew support  func t ions  (Sleep, 
Medical Care). On the  o ther  hand, t h e  sequent ia l  dependencies 
ana lys is  (F igure  9) grouped i t  w i t h  the  S t a t i o n  operat ions (e.g., 
ORU Maintenance, I V A  support o f  EVA),  w h i l e  the  o v e r a l l  ana lys is  
(F igure  29) shows i t  more associated w i th  the  misssion operat ions 
(Payload Support, L i f e  Sciences and Ma te r ia l s  Processihg 
Experiments). Th is  suggests t h a t  more than one f a c i l i t y  should be 
provided f o r  t r a i n i n g .  Depending upon the  circumstances, i t  may be 
most appropr ia te f o r  t r a i n i n g  t o  be done i n  p rox im i t y  w i t h  the  
S t a t i o n  operat ions,  miss ion operat ions,  o r  even crew support  
funct ions.  
USE OF THE MODEL AS AN EVALUATION TOOL 
I n  a d d i t i o n  t o  p rov id ing  in format ion use fu l  i n  des ign ing the  Space S t a t i o n  
i n t e r i o r  layout ,  t h i s  model can a l so  be used as a t o o l  f o r  eva lua t i ng  any 
g iven Space S t a t i o n  conf igurat ion.  I n  essence, i t  i s  poss ib le  t o  take  a 
p a r t i c u l a r  con f igura t ion ,  determine which crew func t ions  w i l l  be performed 
where, measure the  distances between them, and c a l c u l a t e  t h e  c o r r e l a t i o n  
between these distances and the  *optimum* distances der ived from t h i s  study. 
As an i l l u s t r a t i o n  o f  t h i s  process, consider the  Space S t a t i o n  l ayou t  
i l l u s t r a t e d  i n  F igure 30. This f igure ,  which i s  from MDAC's Phase 8 Space 
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. Figuro 30.. Candidate Space Station Layout 
S t a t i o n  D e f i n i t i o n  work, shows on ly  t h e  two "aba modules o f  a Four-module 
conf igura t ion .  The o the r  two modules are  *Lab* modules -- one f o r  l i f e  
sciences experiments and t h e  o the r  f o r  ma te r ia l s  processing experiments. The 
f o u r  modules a re  assumed t o  be arranged i n  a *Figure-8" con f igu ra t i on  w i t h  Hab 
1 above Hab 2 and the  L i f e  Sciences Lab above the  Ma te r ia l s  Processing Lab. 
The steps i n  eva lua t i ng  t h e  l ayou t  a re  as fo l lows:  
1. Determine what crew func t ions  w i l l  be performed i n  what areas. This 
i s  shown i n  Table 17, which conta ins a l i s t  o f  t h e  areas i l l u s t r a t e d  
i n  F igure  30 and shows the  crew func t ions  l i k e l y  t o  be performed i n  
each area. Not ice  t h a t  some func t ions  a re  dup l i ca ted  (e.g. ,  
Ur inat ion/Defecat ion) .  
2. Measure the  d is tances between a l l  p a i r s  o f  crew func t ions ,  as 
i nd i ca ted  by the  con f igu ra t i on  (F igure 30) and t h e  mapping o f  c r e w  
func t ions  t o  t h e  con f igu ra t i on  (Table 17).  I n  those cases where a 
f u n c t i o n  i s  dup l i ca ted ,  t h e  d is tance chosen should be the  smallest 
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3 .  
. .  
one (e.g.* the distance from Meal Preparation to Hand/Face Cleansing 
was taken to be the distance from the Galley to the Hab 1 Personal 
Hygiene Facility). Further, all distances should be "city block1' 
distances reflecting distances along the most likely paths of crew 
movement. The resulting distances are shown in Table 16. The units 
used in these distance measurements are totally arbitrary since they 
are simply going to be correlated with another set of distances. For 
the measurements shown in Table 18, the units used were based upon 
the expected width of a standard Space Station rack; the distances 
shown are actually the number of half-racks. The distances between 
areas were measured, approximately, from center to center. 
Calculate the correlation between the distances in the hypothetical 
configuration (Table 18) and the "optimum" distances derived from the 
FRA model (Table 16). For this particular configuration, the 
correlation (E) is .30. Although this correlation is rather low, it 
is highly significant (2 c.001). In general, it is not likely that 
'the correlation will be very high for any configuration due-to' the 
fact that it is a comparison between city-block distances and 
Euclidean distances, 'and due t6 the variety of other considerations 
that must enter into the determination of a physical layout (e.g., 
volume, restrictions on module size and shape). 
To illustrate the fact that this correlation coefficient is sensitive to 
the ngoodnessn of the layout, the above steps were repeated using a slightly 
different layout. The only change was to swap the "Maintenance Workstation" 
and "Medical Facilityn with each other. The resulting distances are shown in 
Table 19. This configuration runs counter to the FRA model, which indicated 
that ORU Maintenance should be grouped with the other "Public" functions, not 
the "Private" functions. The resulting correlation, = .22, although n c ~ t  
drastically lower, reflects the poorer layout. 
TABLE 17. CREW FUNCTIONS TO BE PERFORMED I N  EACH 
AREA OF THE SAMPLE CONFIGUATION 
Ward room 
Eat ing 
Meetings and Teleconferences 
I Small-group Recreat ion and Leisure 
I P lanning and Scheduling 
Gal l e y  
Meal p repara t ion  
Meal clean-up 
L o g i s t i c s  and resupply  
General Space S t a t i o n  housekeeping 
Hab 1 Shower 
Ful l -body c leansing 
I Exercise Area Exerc i se 
Hab 1 PHF 
Hand/face c leans ing  . Personal hygiene 
Dressing/undressing 
Hab 1 T o i l e t  
Ur ina t ion /de feca t ion  
Washer/Dryer 
C 1  o t h i  ng maintenance 
Maintenance Workstat ion 
ORU maintenance 
Primary Comnand and Contro l  Workstat ion 
Planning and schedul ing 
Subsystem moni to r ing  
Payload support  
L o g i s t i c s  and resupply  
I V A  support  o f  EVA , 
P rox imi ty  operat ions 
Sleep 
Pr i va te  rec rea t i on  and l e i s u r e  
Dressing/undressing 
I 
Crew Quarters 
HMF-Medical 
Medical care 
I 
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TABLE 17. CREW FUNCTIONS TO BE PERFORMED I N  EACH 
AREA OF THE SAMPLE CONFIGUATION (Continued) 
Secondary (Hab 2 )  Command and Contro l  Workstat ion 
Tra i n i ng 
Hab 2 Shower 
Ful l -body c leansing 
Hab 2 PHF 
Hand/face c leansing 
Personal hygiene 
Oressi ng/undressing 
Hab 2 T o i l e t  
Ur inat ion/Defecat ion 
A i  r l o c k  
Pre/post-EVA 
L i f e  Sciences Lab 
L i f e  sciences experiments 
M a t e r i d s  Processinq Lab e 
Mate r ia l s  processing experiments 
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Table 18. Matrix of Distances for Sample Configuration 
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Table 19. Matrix of Distances for Modified (Worse) Configuration 
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CONCLUSIONS 
A d e t a i l e d  method f o r  assess ing r e l a t i o n s h i p s  between Space S t a t i o n  crew 
f u n c t i o n s  has been developed and a p p l i e d .  H i e r a r c h i c a l  c l u s t e r i n g  and 
m u l t i d i m e n s i o n a l  s c a l i n g  have been s u c c e s s f u l l y  used t o  h e l p  v i s u a l i z e  these  
r e l a t i o n s h i p s .  One o f  t h e  key r e s u l t s  i s  t h e  d i s t i n c t i o n  between t lPr ivate l t  
and t t P u b l i c n  crew f u n c t i o n s  and t h e  i m p l i c a t i o n s  t h a t  has f o r  Space S t a t i o n  
l a y o u t .  F i n a l l y ,  a techn ique  f o r  e v a l u a t i n g  t h e  Itgoodness" o f  any Space 
S t a t i o n  l a y o u t  has been developed and a p p l i e d .  
Whi le  t h e  r e s u l t s  o f  t h i s  p a r t i c u l a r  a p p l i c a t i o n  o f  t h e  FRA methodology 
should be u s e f u l  t o  Space S t a t i o n  des igne rs ,  t h e  more impor tan t  b e n e f i t s  w i l l  
probab ly  be gained th rough  an i t e r a t i v e  a p p l i c a t i o n  o f  t h i s  methodology. As  
t h e  des ign o f  t h e  Space S t a t i o n  evolves,  i t  w i l l  be p o s s i b l e  t o  d e f i n e  t h e  
crew f u n c t i o n s  i n  g r e a t e r  d e t a i l  and more a c c u r a t e l y  assess t h e i r  
r e l a t i o n s h i p s  u s i n g  t h e  techniques desc r ibed  here.  These analyses can t h e n  be 
repeated t o  g a i n  a b e t t e r  understanding o f  t h e  Space S t a t i o n  as a f u n c t i o n a l  
system, and t o  more a c c u r a t e l y  p r o j e c t  a p h y s i c a l  system. 
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APPENDIX A 
P l o t s  o f  o r i g i n a l  m a t r i x  d istances (x -ax is )  versus MDS c o n f i g u r a t i o n  
d istances ( y - a x i s )  
Note: On each p l o t ,  s i n g l e  da ta  p o i n t s  a r e  represented by 
"+" signs.  
p o i n t s  a r e  i n d i c a t e d  by t h e  appropr ia te  d i g i t .  
p o i n t s  corresponding t o  more than 9 da ta  p o i n t s  a r e  
represented by an a s t e r i s k  ("*") . 
P l o t  p o i n t s  represent ing  2-9 a c t u a l  da ta  
P l o t  
A- 1 
PLOT 17-f EB-1986 18 I 46 
Nqne o f  file containing names o f  items to be clustered? fn-nunes.lst 
Name o f  file containing similarity data? FREQ1.DAT 
Name o f  file containing MDS configuration? FREP,lD.MDS 
Correlation Coefficient = ,24329 
+ 
t 
t 
+ +  
+ 
2 
2 +  
+ 
+ + 
4 
+ +  
2 
+ 3  
+ 3  
5 
t 2  + t 4  
5 
t + 5  
t 5  
9 
t 5 
t 7  
t t 2 7  
+ 6  
t 4 9  
+ 4  
t 2 0  
2 5 *  
2 + 4  
+ + t 3 *  + *  
+ + 3 + *  + +  5 *  
+ 3 2 t 6  
6 3 *  
+ 2 5 *  
t + + 6 *  
t ++ + + + + 6 7  
+ 2  4 4 3 7  + + +  + 2 + 2 + i  + 
TRPNSITION FREQUENCY - ONE-DIMENSICNAL CONFIGURATION 
A-2 
PLOT 17-FEB-1986 18r47 
Name o f  file containing n m e s  o f  i t m s  to be clustered? fnpmes.lst 
Nun. o f  file containing similarity data? FREQ1.DAT 
N m e  o f  file containing MDS configurqtion? FREQ,PD.MDS 
Correlation Coefficient = ,309409 
+ + 
+ 
+ + + 
+ + + 
3 
3 
2 + 
+ 3  + 
4 + 
3 
+ 7  
2 4  
7 
6 
6 
9 
2 *  
+ s  
+ 2 *  
+ 7  
+ 3 *  + 4 *  
+ 3 *  
t t  + 8  
+ 3 9  
3 + 9  
+ + 6 5 6  + + + + 3 4 6  
3 6 2 7  
2 3 6 9  
2 2 + 2 4  
t + +  6 8  
++ 3 2 4  + 3 3 4  + + +  + 
+ 3 3 2  + + 2  
'8 
+ + + + 
T M S I T I O N  FREQUENCY - t W O - D I M P ( S I W L  C[MPIGURATIW 
A.3 
PLOT 17-FEE-1986 1 k : 48 
N m e  o f  file containing n m e s  o f  items to be ClU8teted? Cn-nmes.lst 
N m e  o f  file containing similarity data? FREQl.MT 
Name o f  file containing MDS configuration? FREQ-3D.MDS 
Correlation Coefficient - .331204 + 
+ + 
+ 
+ 
+ 
t 
+ 
t 
+ 
2 
+ 3  
4 
+ 3  + + 
3 
+ 7  
+ 4  
4 
t 4  
6 
7 
6 * * 
t 7  
4 *  
3 *  
3 7  
2 + + *  
3 0  
t 2 7  
3 3 *  
2 3 7 *  
+ + 2 3 4 9  
+ 7 5 6  
+ + + 4 2 6  + + + 4 7  
+ + + 3 7 5  
2 3 + 2 3  + 2 4 5  
+ +  2 +  
+ + + + 2 +  + 2  + 
+ 
TRANSITlQI( FREQUENCY - THREE-DIMENSIONCIL CONFIGURATION 
PLOT 17-FEB-1986 18127 
N m e  o f  file cont8ining rimes o f  itms to be clustered? fn-n.mes.lst 
Nome o f  f i l e  containing similarity data? seq.d8t 
Nme o f  file cont8ining MDS configur8tion3 seq,ld.mds 
Correlation Coefficient = .344352 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ + + 
+ + 
+ + 
2 2 + 
+ 
+ 
+ + 
2 + 3 
+ + 
2 
3 
4 
2 4 
2 + 5 + 4 
4 8 + + + 4 
2 2 
2 
3 
+ 
+ 
+ + + + + + + 
2 + 
3 
2 + + 
3 + 
5 
3 
6 
2 
5 
2 
2 
3 + 
2 * 
5 
2 
+ 
+ 
+ + + + 
2 + + 
2 
2 
2 
3 
S 
5 + 
7 
6 + 
5 
3 
4 
3 
5 
4 
3 + 
8 
4 
7 
5 
SEQUENTIAL DEPENDENCIES - ONE-DIMPlSIO)r(AL CONFIGURATION 
+ + 
+ + + 
2 + 
2 + 
4 
2 
2 
3 
2 
2 + 
3 + + 
3 
2 + + + 
+ + 
+ 
2 
2 
2 .  + 
2 
+ 
t 
3' 
2 
+ 
2 
4. 
2 
4 
2 
3 + 
3 + 
+ 
+ - 
t 
+ 
A- 5 
PLOT 17-FEE-1986 18133 
Name o f  file containing names o f  items to be clustered? fn-namer.1rt 
Nme o f  file containing similarity data? SEQ.DAT 
Name o f  file containing MDS configuration? SEQ-2D.MDS 
Correiation Coefficient = .617724 
+ 
+ 
2 
+ 
+ 
+ 
t 
+ + 
+ 2 
+ + + + + + 
+ 
+ 
+ 
+ + 
2 
+ 
2 
+ 
+ + 
+ 
+ + + + 
t 
2 
2 + 
2 
+ 
+ + + + + 
3 
5 + 3 
2 7 
2 2 
4 5 
4 2 
7 3 
4 8 
3 4 
5 5 
5 4 
3 + 
2 3 
2 3 
4 3 
4 3 + + 2 
+ 
2 
3 + 
4 
3 
6 
2 
6 
4 
2 
3 
5 
9 
4 
6 
4 
3 
2 
7 
2 + 
2 
3 
6 
2 + + + 
+ 
2 
2 + 
t 
5 
+ 
4 
2 
2 + 
3 
2 
4 + + 
4 2 
2 2 
3 5 
3 + 
2 + + 
3 
2 5 
2 + + + + 
3 + 
+ 
2 
+ 
+ 
SEQUENTIAL DEPENDENCIES - TWO-DIMENSIWL CONFIGURATION 
A-6 
PLOT 17-FEB-1986 18 : 29 
Name o f  file containing n m e s  o f  items to be clustered? fn-nmes.lst 
Nay:.- o f  file containing similarity dat.? SEQ.DAT 
Name o f  file containing MDS configuration? SEQ-3D.MDS 
Correlation Coefficient = ,627105 
I 
+ 
2 
+ 
+ + 
+ + 
2 
2 
+ 
2 2 
+ 2 
+ 
+ 
t 
2 
+ 2 
2 
2 + 
2 + 
2 + + 
+ + 
2 3 
+ 
2 
3 
+ 
3 
3 
6 
7 
9 
2 
6 
3 
2 + 
2 + 
+ 
+ 
+ 
3 
3 
3 
3 
4 
0 
5 
4 
3 
2 
3 
+ 
+ 
+ 
2 
2 2 
2 
3 + + + + + 
3 2 + 2 
3 
4 3 
4 3 
3 3 
7 4 
S 2 * + 
9 6 
3 -  
3 3 
6 2 + 
3 
2 
4 
3 
4 + + 
+ 
+ 
+ 
3 
2 
5 
2 
2 
2 + 
+ 
SEQUENTIAL DEPENDENCIES - THREE-DIMENSIWL CONFIGURATION 
A- 7 
PLOT 17-FEB-1986 18r43 
Nme o f  file containing n m e s  o f  items to be clustered? fn-nmes.lst 
Nme of file containing similari ty data? SHARED1 .DAT 
Nme o f  file containing MDS configuration? SWRED-1D.MDS 
Correlation Coefficient = .442265 
* * 
t 
. 
3 
2 
* 
+ 2 2 4 +  2 2 3 + 5 * * * 6  
SHARED Eaurmun - ONE-OIMENSIWL CONFIGURATION 
* 
A-8 
PLOT 17-FEB-1986 l8r45 
N m e  o f  file containing nunes o f  items to be clustered? fn-nmes.lst 
Name o f  file containing similarity data? SHCIREDl .OAT 
N m e  o f  f i l e  containing MDS configuration? SMRED-2D.MDS 
Correlation Coefficient - ,442114 + * 
+ 2 2 4 t 2 2 3 t 5  * * * * 6  
SHARED EQUI PMMT - TWO-DIMMSI ONFIL CONFIGURATION 
* * 
+ 
+ 
4 
* 
4 
+ 
* 
A-9 
PLOT 17-PES-1986 18r45 
Name o f  file containing rimes o f  items to be clustered? fn-nunes.lst 
Name of file containing similarity data? SHCIRED1.DAT 
Name o f  file containing MDS configuration? SHARED-3D.MDS 
Correlation Coefficient = .44219 + * 
f * 
+ 
+ 
4 
* 
4 
+ 
+ 2 2 4 +  2 2 3 + S * * * 6  
SHARED EQUIPMENT - THREE-DIMENSIONAL CUUFIGURATIOJ 
* 
A-10 
PLOT 17-FEE-1986 18135 
Nme o f  file containing names o f  itms to be clustered? fn-nmes.lst 
Name o f  file containing similarity data? NOISE.DAT 
Nme o f  file containing MDS configuration? NOISE-1D.MDS 
Correlation Coefficient - ,668783 + 
+ + + 
+ + + 
+ +  + 
+ + +  + + ++ + + +  + + 
+ + +  + +  . 
2 +-  3 + + + +  + 
2 ++ + + 2  
++2i+ + + 2 + +  
+ 2  + 
+ + +  + + +  + + + ++ +2 + + +  
+ + + 3 + 3 +  + + + + + .  + 
+i+ 22 + +2 +I-+ + + ++ + 22 + +  + + +22+ ++ + +  + 
+ 3 * w  + + 2+4 4+3 S + + 2  + 
2+ ++ + +  + + 
+ 2  + + + ++2+ 3+ +4 ++ + + + + + +  + + +3243+32 + 2 +++ + +  + + + + + 2  +++ + +  2 + 2  + 
++ +2+ + + + 2 * +  + +  
*2++ + + + + 
+++5 2 + + +  + + +  + 
22+254465+4422 + + + +  
+ 
NOISE INTERFERENCE - U4E-DIMOJSIWL CONFIGURATIW 
A-1 1 
ORIGINAL PAGE IS 
OF POOR QUALIN 
PLOT 17-FEB-1986 18838 
Nme of file containing names of items to be clustered? fn-nmes.lst 
Name of file containing similarity d8ta? NOISE.DAT 
Nun* o f  file containing MDS configuration? NOISE-2D.flDS 
Correl8tion Coefficient = .772857 + + +  # +  + + +  +++ + +  
+3 + ++ + + +  + 
2 + u  + + +  
2 
+ +  
+ +  + 
+ + + 
+ +  
+ 
+ + + 
2 +  + 
+ + + + + +  + 
223 22 2++ 2 3 + + 
+ + +3 + 
t- + 233 +22 2 
+3++2 U + 2+2 2+ ++ + 
i4t &222+332+22, +2+2 U + U 
2 + +33 +3 + HI 
+H ++ + +  + 2+ + 
+ 23+32+3224 222 + 2 
+ + + + + + + 2 + u 2  3 + + +-I++ + 22+ + 
+ + + ff + 
+ 
+ 
+ 
2 + + +22+ + 
+ + + +s + + +  
+++223++5 45+ 
u +3+34+ + 
+ tz + 
+ u  + + +  + +  
U + + 
NOISE INTERFERENCE - WO-DIM€NSIQI(AL CCNFIGUWTlW 
A-12 
PLOT 17-FEE-1986 18839 
Nme o f  file containing nunes o f  itms to be clustered? fn-nmos.lst 
Name o f  file containing similarity data? NO1SE.DAT 
N m e  o f  file containing MDS configuration? NOISE-3D.MDS 
Correlation Coeff  icient = ,832689 + 
t 
2 + +  ++ 
2 +  + 
t 
t t  + t 
+I+ + 
t t  + +  + 
t 
t t  t + +  * +  + + + + +  
t + +  + 
+ + + + +  t +2++ + + + + 
t t  + + 
+2 + + +  + 
2 2 + + t  + ++ 
e *+u + e  5+2' + 2  + + 
t 322 232 2 43+ + 2+ t + + + + + +3234635238+4+++323 ++ + 
+++2 +22 + 4 2+++2 2+ 2 t2+4+  223 +t t  2 22 + 
2 +t 
+ t  t 
22+ 
U U t 2  
t + + t +  + + +  + + + +  + 
2 +tu 
t + + + +++2+ + 
+ + u + t  
+ 4 +4 35 
+243++ + 2 
2+-U2+34+ 
NOISE INTERFERENCE - THREE-DIMENSIUWL CaJFIGURATIaJ 
A-13 
PLOT 17-FEB-1986 18:40 
Name o f  file containing nmes o f  items to be clustered? fn-nunes.lrt 
Name o f  file containing similarity data? PRIWCY.DAT 
N m e  o f  file Containing MDS configuration? PRIVACY-1D.MDS 
Correlation Coefficient = .996392 + 
+ 2  
24 
3+ 2 
t-t 3+ 
423 
3+ 
+ + 4  
22 
2 3+ 
+2+ 
2++ 
2 
2 
2+ ++ 
3+2 
233 
222 
2 
2+ 
24 
+2 
2 + 
+ +2 + -23 
++22+ 
4+2 + 2 2  
2+2 + 2+ 
2+2 
+5 
+2 6 
2 +3 
453 
+55+ 
+266 
4+72 + 434 
2 5+ 
4+22 2 
++2+ 2 + 
33 2+2 + 2 
+e2 2 + 
277 + ++ 2 
4522 ++ 
6722 22 + 
PR1WCY - ONE-DIMENSIONAL CONFIGURATION 
A-14 
PLOT 17-FEB-1986 18:42 
Name o f  file containing n m e s  o f  items to be clustered? fn-nmes.lst 
Name o f  file containing similarity d8ta? PRIVACY.DAT 
N m e  o f  file containing MDS configuration? PRIUACY-2D.MDS 
Correlation Coefficient = .99895 + 
+ 2  
4 
++4 
33 
34 
28 
+++ 
22 
331-t 
2 
+ 2  
t 2 t  
225 ++ 
35 
24 
5 
22 
22 
4 + 
23 
23+2 ++ 
42++ 
st2 
+ + + 4  
2+ 
+ + +  
t 3 t t  
7 
+ 2 3  
2 44 
2 43 
+t *5 
24W5 + 
+237+ 
28422 
4+33++ 
+22++ 
65 4+ 
254 + 
3 52 
5693 
5+ 
62 
PRIVACY - TWO-DIMENSImL CONFIGURATION 
A-15 
PLOT 17-FEB-1986 18r42 
N m e  o f  file containing names o f  items to be clustered? fn-nunes.lst 
Name o f  f i l e  containing similarity data? PRIVACY.DAT 
N m e  o f  file containing MDS configuration? PRIVACY-3D.MDS 
Correlation Coefficient = ,999044 + 
t 2  
4 
++4 
t3 
+42 
92 
+3 
33 
33 
2 
+2 
2 + + +  
23 
2 +  
2% + 2tt 
422 
32 
+ 2 
+ 4  
4% 
3++ 
*2 
423+ 
c H 2  + +3 
3 
++z + 
6+ 
+6 
2+32 
333+ + 2+8+ + 
25 + 68 
+887 
3 +432 
+523+ 
64 32 
+33 
+42 
+478 
+ss2 
3 
63 
PRIVACY - THREE-OIMENSIOFYIL CONFIGURATION 
A-16 
ORiGlNAL PAGE OS 
OF POOR QUALiTV 
PLOT 17-FEB-1986 19131 
N m e  o f  file containing n m e s  o f  it-. to be clustered? fn-nunes.lst 
N m e  of  file containing similarity data? COMBINED.DAT 
N m e  o f  f i l e  containing MDS configuration? COMBINED,lD.MDS 
Correlation Coefficient = .729245 + 
+ 
+ 
+ 
+ 
+ + 
2 + + + + +  
+ + + + 
+ + 2  
+2 + 
+ + + +  
2 
2 2 
+u+++ 
++2 
+ + 4  
+ + 22 + 
+ 
2+ + + 
2 +  2 + +  
. .  + +2 
+ +a ++ 
2+3++ + 
- 4  + 
2+++ + + + 2+3 3 + + 23+++ 
3- + + + 2 u  2+ + + + + 2 + + + +  + + *2+22 2+ 
+ 3 + 2 + u  +22+ + 2 + 
2 + 2 2 +  2 2 + 2  + ++2+2+2+ 2 + + + +  ++2*3+ + 
2 +2 ++ + 32+ 
2+ + +  3 2 %  + + + + + + +  2 + 3 +  + + + +  
+ 2++++ 222 2 + 
+ + +3 ++32+2 + 2+ + +2+ 2+2 + + 2+ ++3+ +2 + 
2 u  u + 2  + 
COMBINED D N A  - ONE-DIMENSIUWL C O N C I G U R A T I ~  
A-17 
PLOT 17-FEB-1986 19 I 32 
Nme o f  file containing n m e s  o f  itoms to be clusterod? fn-nmes.lst 
Nme o f  file containing similarity data? COMB1NED.DCIT 
N a n 8  o f  file containing MDS configuration? COMBINED-2D.MDS 
Correlation Coof f  icient = .82155 + + 
+ 
+ 2  
t 
+ 
+ 
+ 
t 
2 t t  
2 + +  + +++ + +2 2 + + +  + + +  + 
t t t  + 
++++ 2 +  
2 2 +  4- + 3 
t t 2 t  ++ 
+ 2 4  ++ + 
+22 ++ +. t+ 23+ CH . .  
23 ++ 2 
*2+2 ++ + 
+++++2 + 3+2 4t 
t 22 +3 2 
t + 434+ 
2++32 + + +3+ t + 
++ t ++222* 
t t + +  3 t 
t tt 23243+ + 
t t 2 +32 ++2+ 
t t -2 222 
* 2  2 2 2 u  + 2 3 + 2 t +  
t +++2 2 -32 + 
++2 2* +2 
t +2 t t3 t 
+ + w  t + +2 2 + +  t 
t + +  +t 
+ + +  
t t t 2 H  t +-I 
2 +  
CPIBINED DCITA - TWO-DIMENSI13NCIL CONFIGURATION 
A-18 
PLOT 17-FEB-1986 19:36 
Name o f  file containing n m e s  o f  items to be clustered? fn-nmes.lrt 
N m e  o f  file containing similarity data? COMBINED.DA1 
Name o f  file containing MDS configuration? CCHBINED-3D.MDS 
Correlation Coeff icient = ,842615 
+ 
+ 
+ 
+ ++ 
+ t 
. -  
+ +  
3 
+ +  + +  + * +  + 
+2 + + + + + 2 +  
2 2  
+ 
2 2 2++ 
t +  + 
22++ 2 + 
3 432+ + rst+ + 
+++++  + 
+i+24+ 
c H 2  +2+ 
++++234+ + 
2-5 + 
3+236 + + + 2433+ + 
44+ + 
t 2++2+ + + u 2  
2 + 2 2+ 
t 2 + 3+262342 
3 + 322 + + +  22333 3+ 
CH 2+22 ++ + + f++++32++++ + *3 2 w 2  
+3 + 2+ ++2 
+ 2++4+ +4 3 
+ + + + +  + +  
+ 2 +  + ++ + + + + + + +  
2 +  + 
CCHBINED OATA - THREE-DIMENSIONAL CONFIGURATION 
A-1 9 
APPENDIX B 
Sample Sequences o f  Crew Functions 
B- 1 
TIMELINE. i 
STAT I O N  SPEC I AL I ST 1 
ORIGINAL PAGE IS 
OF. POOR QUALITY 
Sleep 
Ur ina t i on/Def  ecat i on  
FLI 11 -body Clear! s i n g 
Per8ona.l Hygiene (ohavingj 
Gr es s i n g/Un dr es 5 i n g 
Meal Prapar at i on i breakf as t 1 
Eating 
Plea1 Clean-up 
Planning and Scheduling (shift change) 
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Meal Clean-up 
Small-group Recreation and Leisure 
Private Recreation and Leisure 
Exercise 
U r i n a t i o n/De f ec a t i o n 
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Me ai Fr ep ar .s t i o n ( D I NNER 1 
E a t i n g  
Meal Clean-up 
Smal l -group P.ecreat ion and L e i s u r e  
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